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SUMMARY

The U.S. Department of Energy (DOE) has contracted with Duke COGEMA Stone &
Webger (DCS) to qualify mixed oxide (MOX) fud for digposition of surplus wegpons-
grade (WG) plutonium.

The overdl dtrategy for thisfud qudification effort is based on the gpplication of
extensve European experience to a proven fud assembly design and confirmed with a
lead assembly irradiation with prototypica fuel in one of the mission reactors.
Fabrication uses the COGEMA/BELGONUCLEAIRE developed Mlicronized MASter
blend (MIMAYS) process currently supplying MOX fue to 32 reactorsin Europe. The
meanufacturing process will utilize aqueous polishing to remove impurities, most notably
gdlium, to ensure that the MOX fud produced for the Materids Disposition (MD)
program is consistent with the European data base.

This Fud Quadlification Plan has been prepared to outline the step-by-step process to be
followed for implementing this strategy. Through these steps, the Fuel Qudification Plan
addresses the issues associated with implementation of MOX fud a the misson reactors
and defines the technica gpproach to resolving those issues.

The process for qualifying the MOX fue for misson reactor implementation conssts of
the following steps:

1. Development of the MOX Fud Pellet Specification

Based on the Framatome ANP, SSA [FRA-ANP (Fr)] MOX European
experience and the Framatome ANP, Inc. [FRA-ANP (US)] UO- experience, a
MOX pellet specification will be prepared addressing the issues associated with
weapons grade plutonium versus reactor grade plutonium, i.e. isotopics and
impurities (gdlium). The MOX pdlet specification will impose impurity limits

on the feed plutonium powder following polishing to ensure that the MOX

pellets contain only trace levels of gdlium, comparable to gdlium levesin

current UO; fud.

2. Anayssof Mark-BW Fud Assembly with MOX Pdllets

The MOX pellet specification will be used to design afuel rod for the Mark-
BW/MOX1 fuel assembly, FRA-ANP (US)’s adaptation of the proven Advanced
Mark-BW fud design for MOX gpplications. Only the fud rod design will

change to accommodate the WG MOX; dl other externd (to the fue rod)
dimensons, materids, and specifications will remain the same asthe UO;,

verson of the Advanced Mark-BW. Use of the Mark-BW/MOX1 design
enaures that the qudification effort can focus on the MOX application only. A
complete Technicd File for the Mark-BW/MOX1 will be prepared reflecting the
fud rod design change. Thisinformation will be provided to Duke Power and
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the fabrication facilities as a Design Interface Document. Andyses of the Mark-
BW/MOX1 will be performed to confirm performance.

3. Core Performance and Safety Evduations

Having confirmed the fuel assembly performance with MOX pellets, the
qualification process will next eva uate the misson reector core performance
operating with the Mark-BW/MOX1 assembly. The core evaduations will be
performed by Duke Power, supported by the extensive European experimental
database and operating experience. The plutonium disposition objective will be
accomplished with amaximum fud rod burnup of 50,000 MWd/MThm. This
burnup limit was sdected to dlow efficient digpogtion of the plutonium while
staying well within the European experience. NRC approva will aso be aided by
a schedule that focuses on early submitta of licenang documentation with
alowance for extended reviews.

4. Confirmation through Lead Assembly Program

The scope of the Lead Assembly Program includes fabrication using the proven
MIMAS process from Europe, shipping, irradiation and post-irradiation
examinations. Lead assemblieswill be supplied to Duke Power’s McGuire
Nuclear Station, Unit 2, for irradiation starting in October 2003. The lead
assemblies will operate in high power, nortlimiting locations thet are
representative of the batch pesking requirements. The lead assemblies will
confirm the acceptability of the Mark-BW/MOX1 for certification of the misson
resctor fue for batch implementation. Furthermore, the lead assemblieswill help
to address. 1) use of weapons grade versus reactor grade plutonium, 2) operation
with trace levels of impuritiesincluding galium, 3) U.S. reactor operdaing
conditions versus the European experience, 4) MOX fud assembly neutronic
response, and 5) licenaing. Fabrication and ddivery of the lead assemblieswill
provide the opportunity to demonstrate infrastructure issues associated with
trangportation, receipt, ingpection, handling, safeguards, security, storage, and
loading of the Mark-BW/MOX1, in advance of batch ddliveries.

5. Caertification and Misson Reactor Implementation

Having confirmed the expected performance of the Mark-BW/MOX1, thefind
gep in the qudification process will be the Certification of Qudification to DOE
for subsequent implementation of the MOX fud on a batch bassin the misson
reactors. Design and fabrication of the mission reactor fud will be based on the
same drawings, specifications and manufacturing processes as the Lead
Assembliesto ensure that the fudl product for batch implementation is
prototypica of the Lead Assemblies and the European MOX fudl.

DCS No. DCS-FQ-1999-001, Rev. 2 Vi FRA-ANP (US) No. 77-5005775-02
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Certification of completion of the Fud Qudification Plan will be issued to DOE by
October 2006, based on successful completion of the poolside examination of the lead
assemblies following their second cycle of irradiation. This certification schedule
supports the DOE requirement for batch irradiation to begin in 2007.
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ACRONYMS
Acronym Definition
ADU Ammonium diuranate
APT Average Power Test
ATR Advanced Test Reactor
AUC Ammonium uranyl carbonate
AUPUC Ammonium uranyl-plutonyl carbonate
AOA Axid offset anomay
BN BELGONUCLEAIRE
BOC Beginning-of-cyde
BP Burnable poison
BPRA Burnable poison rod assembly
DCP Digtinctive CRUD paitern
DCS Duke COGEMA Stone & Webster, LLC
DOE Department of Energy
EDF Electriait) de France
EOC End-of-cyde
FRA-ANP (Fr) Framatome ANP, SSA (France)
FRA-ANP (Ger) Framatome ANP, GmbH (Germany), formerly Semens
FRA-ANP (US) Framatome ANP, Inc. (U.S)
GWdJd/MThm Gigawatt-Days per metric ton of heavy meta
HFP Hot full power
Hm Heavy metd — plutonium plus uranium isotopes
HzZP Hot zero power
IFBA Integra Fuel Burnable Absorber
LANL Los Alamos Nationa Laboratory
LEU Low enriched uranium
MD Materia dispostion (program)
MFFF MOX fud fabrication facility
MFFP MOX fresh fuel package (shipping)
MIMAS Micronized master blend
MOX Mixed Oxide-uranium dioxide and plutonium dioxide
MSMG Mid-gpan mixing grid
MThm Metric tons of heavy metdl
MWd/MThm Megawatt- Days per metric ton of heavy metd
NRC Nuclear Regulatory Commission
OCOM Optimized Co-milling
ORNL Oak Ridge National Laboratory
PCI Pdlet-clad interaction
QA Qudity Assurance
RG Reactor grade (plutonium)
SGT Safeguards Transporter
T Tonne— 1000 kg
WG Wegpons grade (plutonium)
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1. INTRODUCTION

The U.S. Department of Energy (DOE) has recommended that a significant portion of the
nation’ s surplus wegpons-grade plutonium be disposed of by recondtituting the plutonium
into mixed-oxide (MOX) fud rods and burning in commercid light water reactors.
Accordingly, the DOE has contracted with Duke COGEMA Stone & Webster (DCS) to
design and license the MOX fuel, fabricate lead assemblies, irradiate the lead assemblies,
and ultimatdy qudify the design for batch irradiation starting in 2007.

The DCS team performing the qudification brings together the experience and expertise
of Duke Engineering, COGEMA, Stone & Webgter, Framatome ANP, Inc. [FRA-ANP
(US)], and Duke Power, with the support of Framatome ANP, SSA [FRA-ANP (Fr)],
Electricitd de France (EDF), and BELGONUCLEAIRE (BN).

Fud Qudification Strategy

The overdl drategy for Fud Qudification isbased on the application of extensve
European experience to a proven fud assembly design and confirmed with alead
assembly irrediation of prototypica fud in one of the mission reactors.

Fud Qudification Process

This Fud Qudification Plan outlines the step-by-step process to be followed for
implementing the strategy presented above. The process for fuel qudification
consgts of the tasks to be performed in qudifying the fuel for disposition of the
wegpons grade plutonium in the mission reactors. Through these steps, the Fudl
Qudification Plan addresses the issues associated with implementation of MOX
fuel inthe U.S. and the technica approach to resolving those issues.

Fud Assembly Design Designation

The MOX fud assembly to be qudified is desgnated the Mark-BW/MOX1,
FRA-ANP (US)' s Advanced Mark-BW fud assembly design, with dight
modification to the interna rod volume to accommodate the larger fisson gas
release associated with MOX fudl.

The organization of this document follows the process steps for qudifying the MOX fud
for usein the misson reactors. Section 2 lists the objectives of the DOE program and the
objectives of the fud qudification effort. Section 3 summarizes the strategy for fuel
qudification and the assumptions necessary for implementation. The process steps are
summarized in Section 4, including the roles and resporsibilities of the DCS team
members for performing these tasks, and the schedule for implementation; the details of
each process step are provided in Sections 5-9. Section 10 provides the Conclusion, with
an Action Plan leading to a Certification of Fuel Qudification. Section 11 contains
References. Appendices are provided for technica detall and supporting documentation.

DCS No. DCS-FQ-1999-001, Rev. 2 -1- FRA-ANP (US) No. 77-5005775-02
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2. OBJECTIVES
21 Material Disposition Program

The overall objective of the DOE MOX Fue Project isto transform 33 metric
tons of the nation’s surplus wegpons grade plutonium into a form that meets the
spent fud standard by irradiation in commercia light water reactorsby 2022. To
accomplish this objective it is expected that irradiation of batch quantities of
MOX fud will begin in 2007, with dl MOX fud being irradiated for a least two
fud cydes. All MOX fud should achieve &t least one cycle of operation and a
minimum burnup of 20,000 MWd/MThm by 2002.

To achieve these objectives the Mark-BW/MOX1 must be certified for batch
implementation during 2006, the year prior to the loading of the first production
batch. The process by which the fud is certified as fully qudified for this misson
isdetaled in this Fud Qudlification Plan.

2.2 Fud Qualification Plan

The objective of the Fuel Qudification Plan isto demondrate the safe and reliable
operation of the fuel design that will be used for the disposition of the wegpons-
grade (WG) plutonium. The program will establish for the public, the NRC,
DOE, and Duke Power that operation of the Mark-BW/MOX1 in acommercid
nuclear reactor will be acceptable from a public safety, regulatory, and
performance perspective. The Fud Qudification Plan will confirm thet all

agpects of the fuel rod design, fuel assembly design, and fudl fabrication process
will provide reliable, safe operation, comparable to equivaent UO, designs.

DCS No. DCS-FQ-1999-001, Rev. 2 -2- FRA-ANP (US) No. 77-5005775-02
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3. FUEL QUALIFICATION STRATEGY

The overdl drategy for the qudification effort is based on the extensive European
experience applied to a proven fud assembly design and confirmed with alead assembly
irradiation with prototypica fuel in one of the misson reactors.

Through the DCS team, the extensive European experience and technology
gained in designing, fabricating and irradiating MOX fue in commercid
pressurized water reactors (PWRYS) is transferred to the U.S. whereitis
gpplied to a proven fud assembly design. The use of an exigting, proven fued
assambly design as the platform for the introduction of the MOX pdllet will
dlow qudification efforts to focus specificaly on the MOX pellet.

Fabrication processes developed by COGEMA/ BELGONUCLEAIRE will be
replicated in the U.S. facilities for producing the MOX fud. Use of this

proven Micronized MASter blend (MIMAYS) process for producing the MOX
fuel pdlets ensures that the performance of the U.S. produced MOX fud is
consistent with the European data base.

The fabrication process for the WG materid includes an agueous polishing
gep to remove impurities, most notably galium. The use of polished
plutonium ensures that the MOX fud produced with the MIMAS processin
the U.S. with WG plutonium is consstent with the MOX fud produced and
irradiated in Europe. Thisdirect link to the European MOX fud ensuresthe
materials and operational data from Europe are gpplicable to the U.S.

program.
Confirmation of the MOX fud fabrication processes and fuel performanceis
obtained through the fabrication, shipment, irradiation and post-irradiation
examination of lead assemblies.

This Fue Qualification Plan detalls the steps to be followed in meeting the objectives
based on this overriding strategy.

DCS No. DCS-FQ-1999-001, Rev. 2 -3 FRA-ANP (US) No. 77-5005775-02
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4. FUEL QUALIFICATION PROCESS

The stepsto qudify the Mark-BW/MOX1 for use in misson reactors are summarized
below and detailed in the following Sections (Section 5.0 — 9.0). In addition to
summarizing the process steps, this section provides the overall schedule for completing
these tasks and lists the DCS team member responsible for each task. Assumptions
required for successful completion of the qudification effort are dso detailed.

4.1 Process Steps
4.1.1 Deveop MOX Fud Pdlet Specification

The MOX pellet specification will be based on the COGEMA/FRA-ANP (Fr)
European MOX experience and the FRA-ANP (US) UO, experience, and will
address the issues associated with wegpons grade plutonium versus reactor grade
plutonium, i.e. isotopics and specific impurities (galium).

4.1.2 Andyssof Mak-BW/MOX1

The Mark-BW/MOX 1 fue rod design will incorporate the MOX pellet and will
be dightly different from that of the UO, version of the Advanced Mark-BW, to
accommodate the increased fisson gas release associated with MOX fud. A
dightly longer fuel rod will be used, and the active fud stack will be shortened if
needed; al other externd (to the fuel rod) dimensions, materids, and
specifications will remain the same as the UO- version of the Advanced Mark-
BW. A complete Technicd File for the Mark-BW/MOX1 will be prepared
reflecting the fuel rod design change and provided to the mission reactor Utility
and the fabrication facilities as a design interface document. Analyses of the
Mark-BW/MOX21 will be performed to confirm the performance.

4.1.3 Core Performance and Safety Evauations

Having completed the analyses of the Mark-BW/MOX1 to confirm the fuel
assembly performance with MOX pdllets, the qudification process next
evauates the mission reactor core performance, operating with the Mark-
BW/MOX1 assembly. The core evauations will be performed by Duke Power,
supported by the extensive European experimental database and operating
experience.

4.1.4 Confirmation through Lead Assembly Program
Confirmation of the licenang basis for the Mark-BW/MOX1 operating in the
mission reactor core will be obtained through a Lead Assembly Program. The

scope of the Lead Assembly Program includes fabrication of Mark-BW/MOX 1
fud assemblies usng the proven MIMAS process from Europe, shipping,

DCS No. DCS-FQ-1999-001, Rev. 2 -4- FRA-ANP (US) No. 77-5005775-02
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irradiation in high power, non-limiting core locations, and pogt-irradiation
examinations.

4.1.5 Cetification and Misson Reactor Implementation
Having confirmed the performance and licensing basis of the MOX fud design,
the fina step in the confirmation process is the Certification of Qualification to
DOE for subsequent implementation of the MOX fud on a batch basisin the
misson reactors.
This certification schedule is based on the assumption that the leed assembly PIE
results confirm the expected performance. Should the PIE results not confirm
acceptable performance, or if there are unexplained anomalies, the schedule for
certification will be delayed until the technical issues are resolved.

4.2 Schedule

An integrated milestone schedule for the execution of this Fud Qudification Plan is
shownin Figure 4-1.

4.2.1 DesgnandLicensng

Key milestones in the design and analys's process include:

Submit COPERNIC MOX Addendum to NRC August 2000*
Complete WG MOX Pellet Specification February 2000*
Submit new Appendix to Duke Power Thermal-Hydraulic

Statistica Core Desgn Methodology to NRC July 2001
Submit LOCA EM MOX Addendum to NRC August 2001

Submit RELAP/MOD2 B&W Revison to NRC August 2001
Submit CASMO4/SIMULATE-3 MOX to NRC August 2001

Submit MOX Fud Design Topicd August 2001
Submit revised Mark-BW Mechanicad Desgn

Topicd (BAW-10172) to NRC August 2001
Submit McGuire 2 License Amend. Request

with Lead Assembly Addendum to NRC August 2001
Issue Find Design Interface Document July 2002
Complete Find Design Review July 2002
Submit Duke Power Safety Analysis Methodology

for MOX Fuel Cores Topica to NRC December 2002
*complete
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4.2.2 Lead Assembly

The schedule for activities supporting the Lead Assembly Program are shown
below:

4.2.2.1 Fabrication

Complete lead assembly pellet fabrication March 2003
Complete lead assembly qudification May 2003
Complete lead assembly certification July 2003
Complete lead assembly shipment August 2003

4.2.2.2 Irradiation

Start lead assembly irradiation October 2003

Complete 1% cydeirradiation March 2005

Start lead assembly 2" cycle irradiation April 2005

Complete 2" cycleirradiation September 2006
4.2.2.3 Examindions

Perform 1% cycle poolside PIE March 2005

Perform 2" cycle poolside PIE September 2006

4.2.3 Cetification

Certification of completion of the Fud Qudification Plan will be issued by

FRA-ANP (US) to DOE upon completion of the second cycle PIE on the Lead

Assemblies and andysis of the results confirming acceptable performance.
Certification for Batch Implementation October 2006

4.2.4 Post-Fud Qudification/Certification Activities

Start lead assembly 3 cycleirradiation October 2006
Complete 3" cycleirradiation March 2008
Perform 3" cycle poolside PIE March 2008
Rod extraction and shipment to hot cell November 2008
Completion of hot cell PIE on 39 cycle rods November 2009

4.3 Roles and Responsibilities
DCSwill address the steps of the Fuel Qudification Process with the resources of its

entire team. The team members responsible for each task, and the supporting
organizations, are listed below:
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Task Responsble Team Member
Coordination and Interface Duke COGEMA Stone & Webster
Fud Qudification Framatome ANP, Inc. (U.S)
Provide MOX Fud Fabrication Technology COGEMA/ BELGONUCLEAIRE
Provide MOX Fuel Design Experience Framatome ANP (France)

Provide MOX Fuel Operating Experience FRA-ANP (Fr)/EDF
Fabricate Lead Assembly Framatome ANP, Inc. (U.S))
Perform Lead Assembly Irradiation Duke Power

4.4 Assumptions

The work scope and schedule planned for the Fuel Qudification effort are based on
the following assumptions:

Lead assemblies will be fabricated on a schedule that supports the delivery to
McGuire Unit 2 for startup of Cycle 16.

Note — The DOE has decided to curtail lead assembly fabrication activities at Los
Alamos Nationd Laboratory (LANL), and is currently evauating the avallable
options for lead assembly fabrication. For the purposes of this Fud Qualification
Pan, it isassumed that the origind LANL lead assembly fabrication schedule will
be maintained. Consstent with the DOE decision regarding LANL, specific
details of lead assembly fabrication will be omitted from the Fuel Qualification
Pan until DOE hasissued its decison on lead assembly fabrication. This Fuel
Qudification Plan will then be revised congstent with that decision, with respect
to the number of lead assemblies, the place of fabrication, and the overall
schedule.

The Fued Quadlification certification schedule assumes that the host reactor for
lead assembly irradiation (McGuire Unit 2) completes two cycles of
operation, following lead assembly insertion, prior to the end of 2006.

The Department of Energy (DOE) will supply polished PuO, powder that
mests the technical requirements of the fud specification.

The DOE will supply polished PUO, powder on a schedule that meets the
requirements of the lead assembly fabrication schedule.

The WG plutonium to be used for the lead assembly or mission reactor fue
contains only known contaminants that will be reduced to acceptable levels by
the polishing process. Acceptable levels will be defined and monitored by
pellet/powder specification and process monitoring.

The NRC will issue the necessary license amendment for McGuire Unit 2 to
alow lead assambly irradiation.
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4.5 Interface with Other Program Elements

Fud qudification is broadly described as those activities that must be accomplished
in order to meet the hogt ite utility’ s requirements and NRC requirements. Thus,
fud qudification involves fud shipping, reactor licensing, and fud irrediaion
activitiesaswd| asfud qudification activities. These other eements of the DCS
project integrate with the fud qudification effort as outlined below:

45.1 Misson Reactors Irradiation Plan

Concurrent with theinitid release of the Fud Qudification Plan, DCSissued a
Misson Reactors Irradiation Plan (Reference 1) to detall the utility’s plansto use
MOX fuel gtartingin 2007. The primary interface between the Misson
Reactors Irradiation Plan and the Fud Qudification Plan isthat fud

qualification must be successfully performed in order to implement the

Irradiation Plan. Certification of completion of the Qualification Plan must be
provided to DOE by October 2006 in order to support the Irradiation Plan’s
schedule for digoosd of the surplus WG materid. This Certification will dlow
the hogt utility to proceed with the Irradiation Plan, pending NRC issuance of a
Ste-specific license amendment for each mission reactor.

Completion of the Fud Quadification efforts requires the coordination of
activities with the hogt utility. As noted in the Mission Reactors Irradiation Plan,
the fud performance objectives are provided by the utility. Through the fud
cycle design process, the utility will specify the plutonium loading for the fuel
assembly, the loading for each of the enrichment zones within the fued assembly,
the boron concentration for the BPRASs and the number and location of the
individud pinswithin the BPRA.

The fuel assembly design details used by the utility to perform the core design is
specified in the Design Interface Documert, which aso specifiesto the utility
any limits of operation derived from caculaions on fud performance using the
COPERNIC code. This Design Interface Document is aso supplied to the
fabrication facility to ensure that al parties utilize identica information for the
design and fabrication of the fudl.

The utility has the respongbility to benchmark and verify their neutronic codes
for gpplication to MOX fuel, and have that methodology approved by the NRC.
This activity by the utility isanecessary sep in the overdl Fud Qudification
process.

45.2 Misson Reactors Licensang Plan
The DCSteam issued a Mission Reactors Licensing Plan (Reference 2) in

November, 2000, detailing the steps to be taken by Duke Power in licensing the
mission reactors for MOX fue implementation. The non-LOCA safety analyses
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anticipated to be needed in support of the batch implementation of the Mark-
BW/MOX1 are described in this plan. Although not necessary for lead assembly
approval, NRC approva of these analyses supportsthe overdl fue qudification
effort. Duke Power’s plans for handling, Storage, safeguards and security for the
Mark-BW/MOXZ1, both for lead assemblies and batch implementation, are
summarized. A Design Interface Document, produced as a part of the fue
qudification effort, will provide the utility with the Mark-BW/MOX1 design
details and operating limits for performing the safety anayses.

45.3 Specid Nuclear Materid (SNM) Transportation and Integration Plan

Pansfor shipping the production Mark-BW/MOX1 from the MOX Fud
Fabrication Facility are detailed in the DCS document, SNM Transportation
Integration Management Plan (Reference 3), released November 17, 1999.
These plans support the fuel qudification effort by assuring that the fresh fud
shipping package is designed, fabricated, tested and licensed on a schedule to
support the Certification of completion of the Fuel Qudification Plan. The
Desgn Interface Document produced under the fuel qudification effort will
provide the DCS team member, TransNuclear/Pac-Tec, with the required Mark-
BW/MOX1 interface requirements.

454 MOX Fud Fabrication Fecility Desgn

The design of the MOX Fue Fabrication Facility (MFFF) will use Mark-
BW/MOX1 design specifications and drawings to ensure that the manufactured
product meets dl technica requirements. The Design Interface Document
produced under the fud qudification effort will be provided to the MFFF
designers to ensure consistency with the lead assemblies produced at LANL, and
to maintain congstency with the European database. Also, the Fuel Fabrication
Manager for the lead assembly fabrication works under the direction and
guidance of the MFFF Process Manager regarding issues of fud design and

prototypicdlity.
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Figure4-1 Milestone Schedule

Implementation of Fuel

Qualification Plan Batch Implementation
Complete All Design and Analysis o1 A

Submit Topical Report(s) to NRC T

Procure, Supply, Install, Checkout 102 A

Equipment and Qualify All Process for
Lead Assembly Fabrication

Complete Core Design 602 A

> >

3
Fabricate Lead Assemblies
3

Deliver Lead Assemblies to McGuire

Start Lead Assembly Irradiation M2C16 1003 A

Complete 1st Cycle Irradiation and PIE 3/05

Initial Decision to Proceed with Batch 505 A
Implementation

Complete 2nd Cycle Irradiation and PIE 06 A\

Final Decision to Proceed with Batch 10/06 Al
Implementation

Certificate of Successful Completion of 10006 4
Fuel Qualification Plan

MOX Fuel Fabrication Facility

L . /00 4
Preliminary Design Data Package (PD)

12/01
Final Design Packages A

Irradiation Services

Submit Mission Reactors Irradiation A
Plan
Submit Mission Reactors Licensing Plan 8/00 4

MOX Fuel Packaging &
Transportation Services

MOX Fresh Fuel Package Certification g 7/%0
Plan

SNM Transportation Integration Mgmnt A 11190
Plan

3/02 A

MOX FF Pkg Certificate of Compliance

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008
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5. MOX FUEL PELLET SPECIFICATION

Deveopment of a specification for the MOX fue pellet design isthefirst step in the Fuel
Qudification Process. This specification is derived from the FRA-ANP (Fr) specification
for MOX péllets used with COGEMA supplied MOX fud in Europe usng the MIMAS
process. Sincethe MIMAS process will be replicated in the U.S. fabrication facilities for
the MD program, this European experience is directly gpplicable.

The European specification must be adapted to the wegpons grade plutonium being
supplied by DOE. The following section details the modifications necessary to the FRA-
ANP (Fr) specification to accommodate the WG materid. As background information,
the generd issues associated with mixed oxide fud relaive to uranium based fuels are
discussed, and the differences between WG and RG materid are presented. Thefind
product of this step in the qudification process is the preparation of the Mark-BW/MOX1
pellet specification, as detailed in Section 5.3.3.

5.1 Mixed Oxide Fu€d

Mixed oxide (MOX) fud is an intimate mixture of PUO- in a depleted or natura
uranium oxide matrix. With UO, fud, the fissonable component is provided by
235, The 2*®U concentration is specified by the fuel designer and produced
through the enrichment process. With MOX fuel, the >3°Pu isotope provides most
of the fissonable component. This concentration is aso determined by the fuel
designer, but the quantity of PuO, added is controlled by the pellet manufacturing
Pprocess.

When inserted into the reactor, uranium based fuel operates as mixed oxide fuel
soon after irradiation begins due to the generation and subsequent burning of
plutonium. Both fuels, uranium based aswell as MOX,, are primarily 28U, as
shownin Table 5-1. At Beginning-of-Life (BOL) the uranium-based fud has no
plutonium, but by the End-of-Life (EOL) the uranium-based fud is producing a
sgnificant portion (about 40%) of its power from the plutonium that has been
generated during operation. Thus, uranium oxide and MOX fuels are quite
gmilar, with physical characteridics that are virtualy identicd. However, there
are differences in isotopics and properties that affect performance; these
difference have been successfully addressed, as evidenced by the extensive
European experience with MOX fud in commercid reactors.

5.2 Weapons Grade Plutonium ver sus Reactor Grade Plutonium

The MOX fud produced from wegpons-grade materid will be virtudly identica
to the fud produced from reactor-grade materid in terms of physicd
characterigtics and performance. The mgjor differences between the materids,
and the issues these differences introduce, are discussed below.
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5.2.1 Putonium Isotopics

Reactor-grade plutonium is produced from reprocessed spent LWR
uranium based fud that has been irradiated to commercid burnups,
typicdly in the range of 30,000 to 50,000 MWA/MTU. The plutonium
isotopes produced at these burnugs and extracted following irradiation,
incdlude significant percentages of “*°Pu, 2**Pu, and 2*2Pu. The weapons-
grade plutonium is created from irradiating 232U to very low burnups and
separating the plutonium before substantial percentages of the heavier
Elutoni um isotopes build up. Whereas the RG materid typicdly has 24%

“0py, the WG materid islimited to less than 7% >*°Pu. These differences
inisotopics are readily addressed through the gppropriate andytica
modd, as discussed in the sections on modding and verification. See
Table 5-2 for typicd plutonium isotopic compaosition of WG and RG
materid.

The use of WG plutonium significantly reduces the PUO- content of MOX
fud rdativeto RG materid. The WG materid is about 95% fissle,
whereas the RG materia contains sgnificant amounts of absorber isotopes
(**°Py, 2*2Pu). Thus, MOX fuel from RG materid can require Pu contents
as high as 8% to 9%.

The use of WG plutonium significantly reduces the radioactivity of MOX
pelletsrdative to RG materid. Asnoted above, the WG materid dlowsa
reduction in the PuO, content. Furthermore, the WG materia contains
much smdler levels of the main neutron emitters — %8P, 2*!Am, and 2*°Pu
— than the RG materid. Thus the neutron dose from WG materid is
ggnificantly reduced compared to the RG materid. In asmilar manner

the heating due to the adpha activity, primarily from 2%8Pu and **Am, and
the gamma dose rates from these two isotopes are sgnificantly smaller for
WG MOX pélets compared to the RG materid.

5.2.2 Impurities

The use of dloying materids in the production of plutonium metals for
wespons creates a second magjor difference between the WG and RG
materias. Such dloying dements would gppear asimpuritiesin WG
plutonium dioxide powder when used for LWR operation if the dements
were not first removed from the plutonium metal. The impurity identified
as the one of most concern is galium because it is known to react with a
number of metas and dloysinduding zirconium. The WG materia being
supplied for the plutonium disposition misson will contain gdlium, & a
maximum concentration of 1.2%.

Gdlium and other impurities will be effectively diminated through the use
of an agueous polishing process step added to the manufacturing process
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being used to produce the MOX fud. The solvent extraction polishing
operation is expected to produce purity levelsfor the WG materia
condstent with that of the RG materid. A discusson of the gdlium levels
achieved with this process, and the gdlium levels found in normd
operaing uranium fuelsis provided in Section 7.5.1.4.

5.2.3 Pdlet Microdtructure

Uranium dioxide fud is enriched in the 2°U isotope, an operation that
occurs on amolecular scale. Homogeneity of the product isthus
guaranteed on a very fine scale since the enrichment operation isin the
gaseous phase. Metdlographic examinations of sintered UO- pdletswill
thus show very uniform gppearances and grain Szes. By contrast, MOX
manufactured by the MIMAS process involves blending and milling of
UO, and PuO, powders (master mix) and then dilution of the master mix
with more UO-, to reach the finad Pu content. The products of this process
are not as homogeneous as the UO,, pdllet on a micro-scae dthough they
approximate to the same condition on amacro-scale. Microscopic
examination of MOX pellets shows Pu findy dispersed in a UO; matrix
and micron sizeidands of Pu rich particles. The particles are not pure
PuO, particles but master mix particles with a maximum Pu content
determined by theratio of UO, to PuO; in the master mix.

For reactor grade plutonium used in Europe, thisratio of UO, to PuO in
the master mix istypicaly 70/30. Due to the different isotopicsthe
wegpons grade materia will have an equivalent fissile content
approximately 50% greater than that of the reactor grade material.
Therefore, the master mix ratio will be changed to 80/20 for the wegpons
grade materid to ensure that the fissle content of the Pu rich particles
remains the same as the reactor grade materid, and consistent with the
European experience base.

The 80/20 mix being used for the WG materid iswithin the
COGEMA/BELGONUCL EAIRE experience base for the MIMAS fuels
produced in Europe. The MIMAS process has been qudified in Europe
for arange of UO, /PuO, mixtures, including the 80/20 mix to be used for
the WG materid. Production quantities of MIMAS fuel using a plutonium
primary blend of 20.5% to 25.9% were fabricated for the SENA reactor.
Thisfue used plutonium with afissile contert (**°Pu plus >**Pu) of 75%.
These fudswere irradiated in SENA for three cycles with no problems or
iSsues.

For design and safety evaludions, it is necessary to control the maximum
size and Pu content of the particles. Thisis done during production
through amilling and seving operation followed by a sntering process
that induces diffuson of the PuO, bearing particles into the UO-, lattice.
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Control of the processis verified through metalographic examination and
autoradiography of a representative number of samples from each batch of
pellets. These examinations provide measurements of the effective
particle Sze, the grain Size and the plutonium content.  Alternatively, these
parameters can be measured using Electron Probe Micro Analysis
(EPMA) during qudlification, with the process monitored during
fabrication usng metdlography and autoradiography. One of the primary
criterion for acceptance of MOX fud batches is the microstructure.

5.3 Specification
53.1 FRA-ANP (US) UO, Specification

The FRA-ANP (US) UO,, pellet specification has been devel oped over an
extended period of time to define the requirements for a pellet that
essentially guarantees zero probability of failure under irredigtion. Of the
very few fud rod failures experienced by FRA-ANP (US), none have been
attributed to pellet problems over the last 20+ years. The early failures
experienced by other nuclear fud suppliers due to hydriding and fuel
dengfication are dl adequately controlled by design and/or pellet
processing. The essentid requirements of the specification cover the O/U
ratio, or stoichiometry, the impurity content including Equivaent Boron
Content (EBC) and hydrogen vaues, the resinter dengfication
characteridtics, the grain Size, the uranium and isotopic content, the

densty and the dimensions. Additiond contral isimposed on thefissle
content per linear inch to address specific reactor criteria. Certain
specification criteria are required on a batch basis while others may be
addressed on a qualification basis only. Acceptance of quaification data
is based on athorough understanding of the production process and the
fact that the manufacturer does not deviate from qudified production
parameters.

5.3.2 FRA-ANP (Fr) MOX Specification

The FRA-ANP (Fr) MOX pellet specification is quite Smilar to the FRA-
ANP (US) UO, pellet specification where such requirements are common
snce MOX fud is 95% UO,. For example, the O/U (oxygen/uranium)
requirement of 1.99 to 2.02 for the FRA-ANP (US) UO; specification is
essentidly the same asthe O/M (oxygen/heavy meta) requirement of 1.98
to 2.01 for the FRA-ANP (Fr) MOX specification recognizing that the
PuO, addition tends to decrease the O/M ratio. The impurity lists are dso
amilar; however, limits on some additiond dements such as galium will

be addressed for the WG specification.

In some areas the MOX specification covers additiond limits, primarily
the Sze of the plutonium rich particle and the concentration of the
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plutonium content. Additiona analyses are aso required for the
plutonium isotopes and other transuranic dements associated with RG
PuO..

5.3.3 Mark-BW/MOX1 Pellet Specification

The Mark-BW fud assembly (UO) using the FRA-ANP (US) pellet
gpecification has been loaded in eight Westinghouse-designed 17x17
reactors, including al four of the misson reactors, and has operated
successtully. The fuel specification for the Mark-BW/MOX1 will be
based on the FRA-ANP (US) UO-, pellet specification with integration of
the FRA-ANP (Fr) MOX specification for al aspects specific to MOX.
Use of the exigting FRA-ANP (US) specification as the basis provides
condstency with exiging FRA-ANP (US) performance, ordering practice
and supporting andyses, e.g. hot channel factor criteria are addressed and
controlled.

This specification conveys dl of the MOX requirements from the
European experience while adding limits necessary to address WG
plutonium. Criteriaderived from the MOX pellet requirements include
plutonium homogeneity, plutonium rich particle Size, and derivation of the
equivaent fissle content. The specification dso defines the criteriafor
three MOX pellet types associated with plutonium concentration zones
within an assembly. The specific plutonium concentrations for each of the
zones vary with the plutonium isotopic content and with the design burnup
of the assembly. These concentrations will not be defined in the
specification since they may vary with each reload.

A limit on gallium is added to the specification Snce thislimit does not
currently appear in the FRA-ANP specifications. The valueisbased on
ORNL studies that have confirmed that a Decontamination Factor (DF) of
10° will be achievable for the agqueous polishing process. The maximum
gdlium content will be imposed on the PUO, powder specification at the
120 ppb leve, based on a maximum galium leve of 1.2% prior to
polishing. (Detection limits of 10-20 ppb on the PUO, powder are
achievable with high-resolution mass spectrometry, even after dilution.)
With the MOX pellet containing less than 5% PuO-, the resulting gdlium
contribution from the WG plutonium in the finished pdlets will be on the
order of 6 ppb or less. Asdiscussed in Section 7.5.1, comparable trace
levds of gdlium are found in UO, fuds limiting the galium contribution
from the polished PuO, to gpproximeatdy 6 ppb or less will ensure that the
find gdlium content of the finished MOX pellet remainsin the range of
current operating LEU fuels. Thus, there will be no detrimenta effects on
fud performance, and the gpplicability of the European RG plutonium
database is ensured.
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The MOX pellet specification and drawing will place tolerances on the
dlowable variation in specific Pu and U isotopes for a given fud batch.
Some deviation from the norma isotopic distribution is expected from
batch to batch and can be accommodated by making appropriate
adjusments in the specification. The range of acceptable isotopicsis
provided in Table 5-3.

A summary of the pecification is given in Appendix D.
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Table5-1 Comparison of Uranium Based and MOX Fue (WG)

| sotopics
| sotope Uranium Fud MOX Fue Uranium Fud MOX Fue
BOL BOL (55,000 (45,000
MWdA/MTU) MWd/MThm)

=AU 0.04 0.00 0.02 0.00
235y 4.60 0.24 0.82 0.09
236y - - 0.62 0.03
238 95.36 95.39 91.51 92.28
238py - 0.00 0.04 0.02
239py - 4.08 0.65 1.39
240py - 0.29 0.28 0.85

241p - 0.00 0.19 0.50
242py - 0.00 0.09 0.16

24 A - 0.00 0.01 0.02

Concentration (Wt% of initial heavy metd) for the most abundant isotopes in uranium

and MOX fuds.

* Amount varies with decay time.
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Table 5-2 Typical plutonium isotopics (wt %) for the most abundant

isotopes.

Autonium | Weapons Grade | Reactor Grade

| sotope

23py 0.0 1.0

239py 93.6 59.0

240py, 5.9 24.0

241y 0.4 11.0

242py 0.1 5.0

24 Ay 0.0 1.0

* Amount varies with decay time.
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Table 5-3 Typical plutonium isotopics (wt %) for Weapons Grade
material, with acceptable ranges

Putonium | Weapons Grade Acceptable

| sotope Range
2%8py 0.0 #0.05
239py 93.6 90.0-95.0
240py, 5.9 5.0-9.0
#py 0.4 #1.0
2Py 0.1 #0.1
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6. DESIGN AND ANALY S SOF MARK-BW/MOX1

The second task in the Fudl Qudification Processisthe design and analysis of the fudl
assembly utilizing the MOX fuel pellet specification. Thistask requires andyticd tools
properly modified and verified with gpplicable data to accommodate MOX materid
properties and operating characteristics. These upgraded models will be submitted to the
NRC for review and approvd. The gpproved models will then be avalladle for usein the
performance evaluations to be performed in Section 7.0.

6.1 Fuel Rod Design

Following development of the MOX pellet specification, the fudl rod design is st
to accommodate the utility’ s operationa requirements, as defined in Section 6.2,
while meeting licenang requirements for fudl rod performance, including fisson
gasrelease and interna pin pressure. As noted in Section 6.3.1, the increased
operating temperatures and microstructure of the MOX pellet will creste adight
increase in fisson gas release that is accommodated in the fuel rod design through
increases in plenum volume. No other changesto the fud assembly design are
required to accommodate the MOX pellet. By using a previoudy qudified fud
assembly design as the platform for the MOX design, the licensing effort can
focus on the pdllet and fud rod design.

The fully qudified fud assembly chosen by the DCS team for the MOX
goplication isFRA-ANP (US)'s Advanced Mark-BW design. For its application
to MOX pdllets, the design has been designated Mark-BW/MOX1. The Mark-
BW/MOX1 assembly will contain the features of the base Mark-BW, plus M5™
fud rod dadding and mid-gpan mixing grids (MSMGs). This product for UO;
applications, with the M5™ cladding and MSMGs, is designated Advanced Mark-
BW. A comparison of the Advanced Mark-BW for UO, gpplications and the
Mark-BW/MOX1 is presented in Table 6-1. A complete design description of
this 17x17 product for Westinghouse-designed reactors can be found in Appendix
A, including details of the qudification testing performed on the base Mark-BW
and the Advanced Mark-BW, and operating experience. This experience includes
current operation of the base Mark-BW in dl four of the misson reectors. Details
of the Mark-BW's compatibility evaluations with resdent fud desgnsare dso
provided in Appendix A.

The M5™ fud rod cladding being utilized on the Mark-BW/MOX1 has been
reviewed and gpproved for batch implementation by the NRC (Reference 4). This
review included the performance of the cladding materid for norma operation as
well as LOCA conditions. This dladding materid demondtrated a Sgnificant
reduction in steady State corrosion and fuel rod growth relative to Zircaoy-4. For
gpplication to the MOX design, with a projected burnup limit of 50,000
MWdJ/MThm (maximum fue rod,) there will be sgnificant margin to design

limits through the use of this advanced cladding. The reduced steady State
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corrosion levelswill provide additionad margin for the reactivity insertion
accident evauation.

The expected operating conditions (power level, coolant temperatures, burnup) of
the mission fuel are bounded by the datafor M5™ cladding submitted to the NRC
in support of the topical report on M5™. The NRC technica approva for the use
of M5™ appliesto use in the mission reactors, at burnupsin excess of those
projected in the Mission Reector Irradiation Plan. (Adminidrativey, the plant
Technica Specifications a the misson reactors will need to be modified prior to
batch implementation of M5™.)

The reduced oxide buildup of the M5™ dadding is particularly effective a high
burnup. At low burnup, where debris fretting failures have been observed, the
protective oxide layer has been observed to be essentialy the same as Zircdoy 4,
thereby assuring that there will be no additiond risk of debrisfretting failure with
M5™ cladding.

6.2 Utility Operating Information

The fud rod for MOX agpplications is designed to satisfy the utility’s needs with
respect to performance capability and operationd lifetime. Thisinput to the
design process is provided by the utility in terms of the fuel cycle design pin
power peaking for the MOX fuel as afunction of reactor operating time.
Additiona requirements, such as coolant chemistry or reactor coastdown
capability, are dso considered in the design process. Once the design has been
edtablished, the rod capabilities are conveyed to the utility though the Design

I nterface Document, which establishes limits for the fud cycle designer. The
fina fuel cyce design isthen performed by the utility to meet the operationd
limits sat by FRA-ANP (US) for the MOX fud.

6.3 Analytical Tools

Design and analysis tools affected by the replacement of UO; fud with MOX fud
require modification and verification. The modified codes will then be submitted
to the NRC for review and approva. No code modifications are required to
accommodate the approved M5™ cladding; the M5™ models (creep, corrosion,
growth) are contained within the current UO, version of COPERNIC.

6.3.1 Fud Performance — COPERNIC

COPERNIC (Reference 5) is arecently developed fuel performance code
that is being implemented by FRA-ANP (Fr) in Europe and FRA-ANP
(US) in the United States. It produces accurate steady- state and transient
extended- burnup fud performance predictions and can be gpplied to UO»,
UO,-Gd,03, and MOX fud types.
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COPERNIC is based upon the TRANSURANUS code, which contains a
modern architecture that provides fast, accurate, and numericadly stable
solutions. It dso offers the flexibility for incorporating complex fud rod
models. COPERNIC contains pre- and post processors that improve the
speed and ease of using the code. Further modificationsto the
TRANSURANUS code contained in COPERNIC include advanced
materid modds and refined thermd, mechanical, and fisson gas rease
modes. The improved mechanical modesinclude discrete radia

modeling of the cladding, fud-cladding mechanica interaction, fud
mechanica relocation effects, and high stress materid models that are
benchmarked to ramp test data.

COPERNIC modes specific to MOX fuel were developed for thermal
conductivity, MOX materid meting point, radia power profiles and
fisson gasrdease. The other phenomena are common to UO; fud, vary
little from UO,, fud or are conservatively described by the UO, modd.

The thermal modelsin the COPERNIC code contain advanced gap
conductance, gap closure, fuel therma conductivity, radia power profile,
and fud rim models. For the MOX fudl, COPERNIC will use specific
therma conductivity, melting point, and power distribution modds

The COPERNIC fisson gas release modds contain agorithms that are
optimized for both steady- state and transient conditions. The MOX steady-
date and transient fisson gas release mode s were devel oped recognizing
the non-homogeneity of MOX fuel as compared to UO; fud. PuO; is
present in the matrix both in the form of Pu-rich particlesand asa solid
solution. The burnup and fisson product concentrations are much higher
in the heterogeneous zones of plutonium rich particles than in the rest of
the fud matrix. In these zones, the fisson products can migrate to the
outsde of the zones in which they were created, afterwards diffusng and
following the release laws of the surrounding fuel matrix. This
phenomenon may lead to partid release of these fisson productsto the
outsde of the fuel by free paths. Hence, agenerally larger gas release may
be observed for MIMAS produced MOX fue than for UO-.

Asnoted in Section 7.3.5.1 the predominant factors affecting fisson gas
release from UO, or MOX fue are the power and temperature of the rod.
The COPERNIC modds have been shown to accurately predict measured
gas release from MOX fud rods, including those subjected to transents.
(Seefigure 6-1)

The pellet strain modd shows many common festures between the UO»,

Gd,03 and MOX fuds. Thus, no specific adaptation was necessary to
correctly predict the MOX fractured fuel relocation modd, snce
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measurements and predictions agreed as well asfor UO; rods. The
dengfication mode for the UO, fud matrix was shown in the 70s to be the
same for Pu-bearing fud. The UO- gaseous swdling model was aso
applied to MOX.

The cladding gtrain is the result of the interactions of irradiation creep,
high stress creep/relaxation and irradiation growth. The mixed-oxide fud
influence depends upon the strain phenomenon consdered, aswell asthe
nature of the cladding, Since various modds exist for each type of
cladding. Thus, the irradiation creep modding for MOX-filled stress-
relieved Zircdoy-4 cladding yidds dimensiond variations that are
equivaent to those observed for UO-, except that a coefficient is gpplied
for fagt flux variations. The irradiation growth is affected smilarly.
However, the nature of the fuel pellet does not affect the modding of the
high stress cregp and relaxation phenomenon, since thisis amechanica
interaction between pellets and cladding.

Corrosion predictions for MOX fuel use the same models devel oped for
the UO, fuds

The small projected increase in fuel temperatures related to areduction in
therma conductivity will be caculated by COPERNIC. Fud temperature
predictions used for core safety anayses will directly include the effects of
the MOX fue influence on thermd conductivity.

The COPERNIC predictions have been benchmarked to an extensive
database that includes data from internationa as well as the following
French proprietary programs. BOSS, CONTACT, GRIMOX, REGATE,
RECOR, GONCOR, and HATAC.

The COPERNIC therma models have been benchmarked with
approximately 2000 centerline temperature measurements for
rod average burnups up to 102,000 MWd/MThm. The MOX
centerline temperatures were benchmarked with data from the
French proprietary programs. The COPERNIC predictions
agree well with these data.

The numerous MOX benchmarking data points from hot cell
examination of more than 50 commercid fud rodswith a
maximum burnup of 53,000 MWd/MThm agreed well with the
COPERNIC predictions for fisson gas release, rod growth,
interna pressure and free volume.

Corrosion thickness was measured on more than 6000 rods
representing al types of fud.
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Data from these programs have been submitted to the NRC in a
proprietary topical report addendum to the COPERNIC topical (Reference
6).

6.3.2 Core Physics- CASMO-4/SIMULATE-3 MOX

The mgor NRC approved nuclear design codes to be used in the
development of core loading patterns and in the confirmation of licenang
bas's assumptions for reload cores containing MOX fuel are CASMO-4
and SSIMULATE-3 MOX (Reference 7).

CASMO-4 isamulti-group, two-dimensiona transport theory computer
program used to calculate two-group cross sections, group constants,
discontinuity factors, fisson product data, reaction rates and pin power
data. CASMO has been approved by the NRC for use on UO;, fud.
CASMO-4 isused by many utilities, but is not presently being used by
Duke Power.

SIMULATE-3 MOX is an advanced two-group three-dimensond nodd
code that is based on the QPANDA neutronic model which employs either
an exact andytic, or polynomia representation of the intranoda flux
digtribution in both energy groups. It isaverson of Studsvik’s core
smulator that was developed specifically for MOX fud applications.

These two codes have been benchmarked againg critica experiments
encompassing fissle plutonium concentrations that bound the fissle
plutonium concentrations the mission reactors will use. A topical report
documenting the gpplicability of CASMO-4 and SSIMULATE-3MOX to
mode LEU and partid MOX fueled cores will be submitted for NRC
review and approval.

In order to provide additiond confidence in the core physics predictions,
FRA-ANP (US) will perform cdculationsin pardld with those of Duke
Power using the SCIENCE code package. This suite of reactor physics
codes has been developed by FRA-ANP (Fr) and is currently being used in
Europe for core design of both UO, and MOX fud cores. The NRC has
approved SCIENCE for application by FRA-ANP (US) to UO; cores
(Reference 8). Approval of SCIENCE for MOX fuel gpplicationsis not
currently considered necessary since the code package will be used to
perform paralel caculations to the independent calculations performed by
Duke Power with NRC approved codes. Approval of SCIENCE for MOX
gpplications may be requested for use in supporting future misson

reactors, if needed.

Duke Power will demongtrate the acceptability of the nuclear andyss
codesfor MOX fud anayses through the types of benchmark caculations
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shown in Figure 6-2. Additiondly, benchmark caculaionswill be
performed againg reference anaytica cdculations to assess code fiddity.
Hypothetica core configurations representing the intersection of four LEU
and MOX fud assemblies will be evauated by performing reference
|attice physics code caculations to produce a reference solution.
SIMULATE-3 MOX calculationswill be compared againgt the reference
solutions to ensure thet the effects of the large thermal flux gradient at the
UO,/MOX fud assembly interface are accurately accounted for in the
generation of group constants and in the calculation of the globa and local
power distributions.

Data from criticd experimentswill be used to develop pin power
distribution uncertainty factors and any code reactivity bias applicable to
MOX fud. Duke Power will benchmark the CASMO-4 and SSMULATE-
3 MOX codes against the proprietary EPICURE, ERASME, and
nonproprietary Saxton criticality experiments (Table 6-2) that are
gpplicable to the Mark-BW/MOX1. Summaries of these caculations will
be provided to the NRC for review in accordance with the submittal
schedules shown in Section 4.2. These criticdity experiments are
important for code quaification because they contain core configurations
with high fissle plutonium concentration MOX fud. A wide range of fud
types, concentrations, moderator-to-fue ratios, and cdl typesare
encompassed by these experiments. Therefore, they are considered to be
sufficiently representative and applicable to the MOX fuel design, WG
plutonium isotopics, and the plutonium concentrations that Duke Power
will irrediate.

Duke Power will demonstrate the accuracy of the reactor physics codesto
predict globa power distributions, reectivity, and physics parameters
through benchmark calculations performed againgt zero power physics test
data and core operating data for six partidd MOX fue cycles a the EDF S.
Laurent B1 PWR. These cdculations will encompass comparisons againgt
the following messured parameters:

Beginning of Cycle (BOC) Hot Zero Power Physics Tedts
All rods out critical boron concentrations
Individua control rod bank worths
All rods out isotherma temperature coefficients

Hot Full Power (throughout cycles)
Critica boron concentrations
Core power digtributions

The above gpproach involves thorough cross- checking and benchmarking
with widdy used computer codes that have been gpplied to abroad range
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of reactor gpplications. The comparisonsto criticdity experiments and
European partidl MOX fud core operating cycles will confirm the
technical accuracy of the modeling methodol ogies and computer
programs.

6.3.3 LOCA - Evduation Modd

The NRC agpproved FRA-ANP (US) LOCA evauation modd (EM)
comprises asuite of codes and methods that have been approved for
licenang analysis of the mission reactors (Reference 9). For MOX fud
implementation, the EM and its associated codes will be modified and
submitted to the NRC for review and approva. The specific modelsto be
evauated for MOX application include the decay heat modd and fuel rod
mode. It isexpected that the use of the existing decay heat model will be
judtified for MOX fud. The RELAP fue pin ggp conductivity modd,
currently based on the TACO code, will be modified to facilitate
initidization with the MOX gap model used in COPERNIC. Also, theuse
of multiple MOX concentrations within the assembly, and the differing
types of fuel in the core necessitates that a core model be developed
cgpable of andyzing the core with different fud types. These changesand
appropriate impact evauations will be performed for lead assembly
operation as a subset of the batch implementation anadyses.

6.3.4 Mechanica/Therma-Hydraulic

The Mark-BW/MOX1 design contains no changes to the fuel rod outside
diameter, fuel assembly structure, spacer grids, guide thimble, upper
nozzle, lower nozzle, or any component or materid other than the fud rod
internds. Thermd-hydraulic andyses, including CHF performance and
CHF correlations, are not affected by the change to the rod internals. Thus,
no modificationsto andyticd tools are required in the fuel assembly
mechanica andyss and thermd-hydraulic areas to accommodate MOX
fud pelets.

DCS No. DCS-FQ-1999-001, Rev. 2 -26- FRA-ANP (US) No. 77-5005775-02



rachional release (%)

As-measured

Fuel Qualification Plan April 2001

Figure6-1 MOX Fission Gas Release
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Figure 6-2 Nuclear Code Benchmarks
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Table6-1 Mark-BW/MOX1 Design Summary

Parameter Advanced Mark-BW/MOX1
Mark-BW
Value Value
Pellets
Fud Pdlet Materid Enriched UO, PuO, and Depleted
UO,
Fud Pdlet Diameter, in. 0.3225 0.3225
Fud Pdlet Theoretica Dendty, %T.D. 96 95
Fue Pdlet Volume Reduction dueto 1.24 111
Chamfer and Dish, %
Rods
Fuel Rod Length, in. 152.16 152.40
Fud Rod Cladding Materid M5a M5&
Fuel Rod Insde Diameter, in. 0.329 0.329
Fuel Rod Outside Diameter, in. 0.374 0.374
Active Fud Stack Height, in. 144 144
Maximum Fud Rod Burnup, MWd/MThm 60,000 50,000
Assemblies
Fud Assmbly Length, in. 159.8 159.8
L attice Geometry 17x17 17x17
Fud Rod Pitch, in. 0.496 0.496
Number of Fudl Rods per Assembly 264 264
Heavy Meta Loading per Assembly, kg 466.1 462.8
Number of Grids
Bottom End 1 1
Vandess Intermediate 1 1
Vaned Intermediate 5 5
Mid- Span Mixing 3 3
Top End 1 1
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Table6-2 MOX Fue Criticality Experiments
Mod. to No. of
Plutonium | sotopic Fuel Vol. Config./Acc.
Name L attice Concentration Contents Ratio Of M easur ement
CEA/ SQUARE Uniform lattice of Pu 238: 1.4% 12-14 59
EPICURE Density: 10.35 7.0% PuO:in Pu 239: 57.8% Axial and Radial B2:
Fuel Diameter: 0.82 0.25% UOz, and Pu 240: 24.55% 1% to 2% (2s)
Clad Material: Zr4 multi-region Pu 241: 9.67% Flux Distribution
Outer Diameter: 0.95 lattice of 4.3%, Pu 242: 5.33% 1% to 2% (1s)
Pitch: 1.260 7.0% and 8.7% Am 241: 1.25%
Pu0 in 0.25%
uo,
CEA/ SQUARE 11% Pu02 in Pu 238: 1.17% 2.1 3
ERASME L Density: 10.496 0.25% UO; Pu 239: 67.98% Axial and Radial B2:
Fuel Diameter: 0.79 Pu 240: 18.59% 1.5% to 2% (2s)
Clad Material: SS304 Pu 241: 7.37% Flux Distribution
Outer Diameter: 0.84 Pu 242: 2.66% 2% (1s)
Pitch: 1.260 Am 241: 2.23%
(1) :1.683
Saxton SQUARE 6.6% Pu0: in Pu 238: 0% (2) :2.163 5
Density: 10.77 natural U0, Pu 239: 90.49% (3) :4.700 Total B2:
Fuel Diameter: 0.857 Pu 240: 8.57% (4) :5.675 1% to 2% (2s)
Clad Material: Zr4 Pu 241: 0.89% (5) :10.75
Outer Diameter: 0.993 Pu 242: 0.04%
Pitch: 1.321
1.422
1.867
2.012
2.641

DCS No. DCS-FQ-1999-001, Rev. 2

FRA-ANP (US) No. 77-5005775-02




Fuel Qualification Plan April 2001

7. CORE PERFORMANCE AND SAFETY EVALUATIONS

Having completed the design of the fuel rod and fue assembly for MOX agpplications,
and the modification and verification of anaysstools, the performance and safety
evauation of the MOX coresisthe next step in the Fud Qudification Process. This
section presents the anadyses that will be performed for the MOX cores, including the
cores supporting the lead assembly irradiation (Section 8.0), and the experience base
supporting these anayses.

The European operationd experience includes MOX fud assemblies that have been
operated by EDF and other European utilities under avariety of fud management
schemes and operating conditions. The operating schemesinclude /3 MOX fuel core,
1/4 MOX fud core, hybrid refueling (where UO, assemblies are used for four annua
cycleswhile MOX assemblies are used for three), annud cycles, and 18-month cycle
designs. The MOX fud assemblies have been discharged with assembly average burnups
as high as 55,000 MWd/MThm. In addition, average linear power levels of 5.43 to 6.28
kW/ft and core exit coolant temperatures from 610°F to 619°F have been experienced.
These conditions envelop those of the mission reactors. In addition, the methodologiesto
be described in the FRA-ANP (US) and utility topica reports are either currently
approved methods, extensions of currently approved methods, or methods that have
aready been submitted for NRC review and gpprovad. These smilarities will greetly
assig in providing the NRC with assurance that the andlytical methodologies adequatdy
model MOX fue behavior, athough the adequacy of methods is directly addressed by the
physics code certification plan discussed in section 6.3.2.

The results of these analyses will be provided to the NRC as part of the approva process
as described in Section 7.4, NRC Interactions. In the course of performing these analyses
gpecific regulatory issues will be addressed, including issues that have been identified

and discussed in the public forum. The plan to address these issuesis presented in

Section 7.5, Technica 1ssues.

7.1 Performance/Safety Evaluation
7.1.1 CoreDedign

The lead assembly neutronic design will use the same three-zone
plutonium didribution that is planned for batch implementation (with the
average plutonium content adjusted as necessary) as shown in Figure 7-1.
This scheme optimizes the trade- off between core management and
production efficiency for batch implementation, and is the same approach
developed by the MOX fue partners: FRA-ANP (Fr), COGEMA, and
EDF. Cdculations of the lead assembly neutronics will modd these
assemblies explicitly, using two independent sets of reactor physics codes,
as discussed in section 6.3.2, to provide accurate power predictions during
each cycle of operation.
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In addition to the code qudification plan discussed in section 6.3.2, the
insartion and operation of the lead assembliesin McGuire Unit 2 will
provide information to demongtrate the adequacy of the modding
methodol ogies via gartup physics tests and routine flux maps. At least
one of the lead assemblies will be located in an insrumented location to
verify predicted operationa neutronic performance during theirradiation
cycles. The assemblieswill be located in ardatively high power, but nor-
limiting core region to ensure representative operating parameters for full-
scale operation.

Reoad design impacts from usng MOX fud result from changesin key
physics parameters which affect certain plant characteritics during norma
operations and plant responses to postulated transients and accidents.
Changesto key physics and other related parameters are discussed in the
following sections.

7.1.1.1 Soluble Boron Concentrations

The harder neutron spectrum and reduced thermal neutron flux
associated with MOX fuel decreases the efficiency of therma
neutron absorbers, and therefore significantly increases the
beginning of cycle (BOC) soluble boron requirements for partia
MOX cores above the corresponding vaues for LEU cores.
Higher soluble boron requirements are seen for both normal
operation and postulated accidents. The loss of coolant accident
(LOCA) is mogt affected by high boron concentrations, because
the licensee must demondtrate long term subcriticdity in the
reactor core at cold conditions, with no credit taken for control rod
insertion. Because of reactor coolant system chemistry
consderations, sampling ability, and boron precipitation concerns,
thereisapractica upper limit to BOC boron concentrations. The
use of additiona burnable poisons (BPs), and/or the use of
enriched soluble boron can reduce the boron concentration
requirements to more managesble levels. However, the use of
additiona BPsresultsin an economic penaty due to the resdua
boron a end of cycle. The use of isotopicaly enriched boron to
25% or more B'° adds cost because it is more expensive than
natura boron, but seven PWRs in Europe have switched to
operation with enriched boron, including sx PWRs thet use MOX
fud. Based on anticipated MOX fud loadings of approximately
40% of the core, Duke Power plans to use enriched soluble boron
to offset the increased boron requirements associated with partia
MOX fud core designs.
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7.1.1.2 Control Rod Worth

The control rod worths of partid MOX fuel cores are lower than
the control rod worths of LEU cores as aresult of the harder
neutron spectrum and reduced therma neutron flux associated with
MOX fud. Because of the reduced control rod worth,
demondtrating that adequate shutdown margin (SDM) exists must
be addressed when designing partid MOX fue cores. At the
proposed mission reactors, McGuire Unit 1 currently uses silver-
indium-cadmium (Ag-1n-Cd) control rods, while McGuire Unit 2
and both Catawba units use hybrid boron-carbide control rods
(B4C rod with a40” Ag-In-Cd tip). Duke Power has caculated the
available SDM for the mission reactors for both full LEU cores
and for equilibrium cycle partid MOX cores. These andyses
show that the hybrid B,C desgn is more efficient, resulting in
approximately 200 pcm more SDM rddive to the full-length Ag-
In-Cd design. Even s, for the evauated partid MOX fud core
desgnsthe SDM a McGuire Unit 1 exceeds the current minimum
SDM requirement. Therefore, replacement of the Ag-1n-Cd
control rods a McGuire Unit 1 with hybrid B,C control rodsis not
currently planned but could be performed if future partid MOX
fuel core designs indicate the need for additiona SDM.

7.1.1.3 Cross Sections

Duke will make maximum use of the extensve European MOX
fuel experience and database to judtify the adequacy of PuO,
properties and nuclear cross sections.

7.1.1.4 Deayed Neutron Fraction and Prompt Neutron Lifetime

Partid MOX fue cores have a somewhat lower delayed neutron
fraction (berr) and smdler prompt neutron lifetime than LEU cores.
Thisdifferencein b and in lifetime are most pronounced at
beginning of cycle (BOC). For agiven reactivity insertion, this
resultsin an increase in the peak core power. Because of the large
reactivity insertions associated with the rod gection event, Duke
Power used its three-dimensiond kinetics code SMULATE-3k to
explicitly analyze rod gection accidents in representative
McGuire/Catawba partiadl MOX fud cores. These cdculations
demonstrated that the peak core power response for apartiad MOX
core can be maintained at or below the predicted peak core power
response for the comparable LEU case by crediting the
compensating lower control rod worths and more negeative Doppler
temperature coefficient associated with partil MOX fuel cores.
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In order to ensure smooth and safe operations, Duke Power will
a0 (1) update smulators with MOX fue core reactivity
characterigdtics, (2) train the plant operatorsin normal operations
and off-normd situations, and (3) adjust plant control and

protection setpoints, as necessary.
7.1.1.5 Reactivity Coefficients

The predicted moderator temperature coefficients (MTCs) and
Doppler coefficients for the partid MOX fud coresin the mission
reactors are more negative than the reference LEU fuel core cases.
These differences have the potentia to exacerbate the plant
responses to overcooling events. The steam line bresk accident is
the mogt severe overcooling event for partid MOX fuel cores
because of (1) the high peaking factors associated with this
accident, (2) the potentid for the preferentia redistribution of
power to MOX or LEU fud assemblies, and (3) the reduced
differentid boron worth in partidd MOX fud cores which reduces
the effectiveness of injected boron. However, end of cycle (EOC)
conditions are typicaly bounding for overcooling events, and the
EOC MTCs and Doppler coefficients are only dightly different
from the corresponding reactivity coefficients for al-LEU fud
cores. Therefore, the EOC SLB accident response for partiadl MOX
fud coresis not gppreciably different from that of a LEU core.

7.1.1.6 Vesd Fluence

The use of MOX fud may result in anincrease in fast fluence to
the reactor vessel. However, the assemblies on the core periphery
are those that contribute the mgor portion of vessdl fluence. So,
the placement of MOX assemblies within the core can be used to
mitigate the extent of increasein fluenceto the vessd, if any. The
impact of MOX fue on fluence will be evduated, and it will be
demonstrated that all acceptance criteriaare met. |f necessary, the
fue management schemes will be modified to maintain fluence at
acceptable levels.

7.1.1.7 Decay Hest

The decay heat from MOX fud differs from that of uranium fue
due to the different fisson product inventories. Different podt-trip
decay heat will affect undercooling events such asloss of

feedwater and LOCA. FRA-ANP (US) plansto utilize ORNL'’s
ORIGEN-S computer program to quantify the decay heat power
from WG MOX fud. FRA-ANP (Fr) has used ORIGEN-Sinthe
caculaion of isotopic inventories and decay hest for both UO, and
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MOX fud. Extensve benchmarks of fud isotopics were
performed againgt destructive examinations of fud samples of
various compositions, burnups, power histories, and decay times.
Additiondly, comparisons of ORIGEN-S decay heat and isotopic
predictions were made with the French APOLLO/PEPIN codes
(UO;2 and MOX), ORIGENZ2 (UO3), and ANSI/ANS 5.1/1994
(UO2 decay heat) for benchmark problems. FRA-ANP (US) plans
to take advantage of thiswork in order to perform its own
certification of ORIGEN-Sfor these purposes. The impact of
decay heat differences will be assessed for its effect on transgent
and accident analyses. The Loss-of-Coolant Accident evauation
mode will be adjusted if required, and NRC approval will be
requested for gpplication to MOX fud. As necessary, plant
systemswill be reviewed to verify that they are capable of
handling MOX decay hegt |oads.

7.1.1.8 Xenon Worth

The harder neutron spectrum and reduced therma neutron flux
associated with MOX fudl decreases the xenon worth. The
reduced xenon worth and higher power coefficients will make the
core more stable againgt xenon induced oscillations, and make the
axia xenon trandent less pronounced.

7.1.1.9 Burnable Poison Rod Assembly (BPRA)

Pressurized water reactors have a need for beginning of cycle
(BOC) reactivity holddown. Soluble boron, a neutron absorber, in
the reactor coolant system is used to compensate for theinitid
excess reactivity of the fresh fudl inthe core. Asthe fuel depletes
and becomes |ess reactive, the boron concentration is reduced to
maintain criticdity. For longer cycles, such as 18-month fud
cydes, theinitia excess reactivity of the core is larger, and more
reactivity holddown isrequired. Due to limits on the amount of
soluble boron dlowed in the reactor coolant system, burnable
absorbers are utilized as an dternate means of providing reactivity
holddown.

In addition to reducing the BOC soluble boron concentration
required for norma and post-accident reactivity control, burnable
absorbers are also used to reduce power peaking in high reactivity
fresh fud assemblies, dlowing for more economica core designs.
|dedlly, the BPRAs will be used up during the cycle, minimizing
parasitic neutron absorption at the end of cycle when reactivity
holddown and reduced power peaking are no longer needed.
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Reducing paraditic dosorption isimportant in achieving efficient
core desgns with lower enrichments and reduced feed batch sizes.

Typica burnable absorbersin use today include: (1) poison
materid such as erbium or gadolinium integrated within the fud
pellets, (2) zirconium diboride coating on the outside of the fud
pellets (integd fixed burnable absorber or IFBA), or (3) BPRAS
containing boron carbide/duminum oxide mixture pellets |oaded
into tubes and placed in the control rod guide thimbles of fresh
assemblies. The DOE has required that the MOX fuel project not
incorporate poison materia insde or coated onto the MOX pellets.
Therefore, BPRASs are the only feasible option of these three
means of resctivity holddown. The basdline BPRA design for
MOX fuel assembliesisthe FRA-ANP (US) design that provides
for varying both the boron content of the burnable poison (BP)
rods and the number of BP rods per BPRA for optimum reectivity
and power digtribution control. See Appendix A for acomplete
description of the FRA-ANP (US) BPRA design.

The European MOX experience base does not include the use of
BPRAS due to the reduced need for additiona reactivity holddown
in the shorter annud cycles. However, the use of BPRAswith
MOX fuel does not present any particular difficulty. Discrete
burnable absorber rods have been used extensively in LEU fud a
Duke Power and other U.S. utilities. All of the McGuire and
Catawba' s forty-six (46) fuel cycles have operated using discrete
boron-containing burnable absorber rods. Twenty-three (23) fudl
cyclesa McGuire and Catawba have utilized the FRA-ANP
discrete burnable absorber rods, identical to those used in the
Mission Reector Irradiation Plan.

The ability to predict the depletion and reactivity worth of boron is
demongtrated by the ability to predict the critica boron
concentration in the reactor coolant system. The behavior of boron
isvery predictable because it isa 1/v absorber (neutron absorption
cross section isinversaly proportiond to the speed of the incident
neutron), and no absorbing isotopes are formed as aresult of
neutron capture in boron. Furthermore, the vaidation of the
nuclear anadys's codes will include benchmarks of casesin the
Saxton, ERASME, and EPICURE criticd experiments that have
poison rods (control rods) in the MOX fuel array. These cases
include one Saxton and one EPICURE case with B,C rods. The
results of these benchmarkswill be documented in atopica
submittal to the NRC (Section 7.4.3) in accordance with the
schedule shown in Section 4.2. These benchmarks will
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demondtrate the ability of the andytical codes to accurately predict
pin power distributions in the presence of absorber rods.

7.1.2 Fud Rod Performance Analyses

FRA-ANP (US) will perform andyses of the fuel rod therma performance
to establish design and operating limits for the misson reactors. Interna
pin pressure congderations will establish dlowable burnup and power
levels. The hest rate-to-mét will be evaluated usng the MOX moddsin
COPERNIC to reflect the dight reduction in therma conductivity and
melting temperature of the MOX fud. These design and operating limits
will be tranamitted to Duke Power through the Design Interface

Document.

Preiminary mechanica and thermd andyses on the fud rod desgn have
been completed using preiminary fud cycle information provided by

Duke Power. Also, it should be noted that the COPERNIC code used for
the evaluation has not yet been gpproved by the NRC. Therefore, the
results of the analyses, and details of the rod design, are subject to change
when the code and inputs are findized.

This preliminary desgn is presented in Table 6-1, with a comparison to
the Advanced Mark-BW (UO, design). The fallowing preliminary
analyses have been performed.

Cladding Stress

Cladding Fetigue Life

Cladding Creep Collapse
Cladding Trandent Strain

Cladding Oxide Thickness

Fuel Rod End-of-Life Pin Pressure
Fud Heat Rate-to-Mdt

Mechanicad anayss of the Mark-BW/MOX1 fuel rod predicted acceptable
margins for the cladding stress and the cladding fetigue life. In each
analyss, wordt-case dimens ons were assumed aong with a maximum
end-of-life oxide layer (assumed to reduce the load bearing thickness of

the cladding). Acceptable margins, comparable to UO- fud, were found

for cladding stress between the maximum predicted stress and the
dlowable stress that is based on two-thirds of the minimum unirradiated
yield strength.

The predicted fatigue utilization factor for the fuel rod was less than the

0.9 limit for alifetime that will exceed the fud rod' s design life.
COPERNIC was used to predict the effects of operationd transents on
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cladding temperatures, pellet diameter and rod internd pressuresin the
fatigue cdculations.

No cladding creep collapse was predicted to occur within a burnup of
60,000 MWd/M Thm using the NRC-approved CROV code, which modds
the change in the cladding ovality over time. COPERNIC provides
cladding temperatures and rod interna pressures that are subsequently

input into CROV. Worst-case cladding initid ovdity and pellet axid

gaps are assumed in the andlysis.

Cladding transent strain was aso predicted usng COPERNIC. Transent
axid flux shapes were imposed at 10,000 MWdJ/MThm intervals starting
at 20,000 MWd/MThm. The LHR that caused the pellet to swell and
grain the dladding 1% established the LHR limit in each case. The

results are comparable to UO; fud.

Given that the dadding materid isM5™ , the MK -BW/MOX 1 rod
assembly will not gpproach the 100 micrometer oxide thickness limit.
COPERNIC predicted an end-of-life oxide thickness of less than 30
micrometers for the rod at a burnup of 50,000 MWd/MThm.

For the evauation of interna rod pressure, a power history envelope was
developed based on Duke' s projected LTA pesk pin power history and is
expected to be representative of bounding envelopes for future partid-
MOX fud cycledesigns. These andysesindicate that the rod design
presented in Table 6-1 meetsthe fud rod internal pressure criterion.

7.1.3 Thermd-Hydraulic Andyses

Duke Power will perform therma andyses for cores containing the lead
assemblies with the VIPRE code, which has been approved by the NRC.
The Mark-BW/MOX1 fud assembly is designed to be hydraulicaly
compatible with the resdent fud thet will be in core when the leed
assemblies are introduced. Mid-span mixing grids (MSMGs) are used in
the lead assemblies to closdy match the thermd-hydraulic performance of
the resdent 17x17 fud that utilizes intermediate flow mixing grids, a
smilar component.

7.1.3.1 CHF Corrdations

Two licensed critica heat flux (CHF) correlations, BWCMV-A
(Reference 10) and BWU-Z (Reference 11), are available for
supporting the irradiation of the Mark-BW/MOX 1 lead assemblies
in McGuire 2 and subsequent batch irradiation in the misson
reactors. Sincethe Mark-BW/MOX1 design isidentical to the
Mark-BW in terms of dimensons and materids affecting the
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therma analyses, these corrdations will remain gpplicable to the
MOX evauations.

7.1.3.2 Themd Evduation

Therma margin design calculations are performed to ensure that
the minimum departure from nucleate boiling ratio (DNBR)
provides margin to for al steady-state core conditions or transients
of moderate frequency alowed by the Reactor Protection System
(RPS). Duke Power will usethe VIPRE computer codein
conjunction with their Satigtica Core Design technique to assess
thermd margin.

7.1.3.3 Satigticd Core Design

Statistical Core Design (SCD) uses a datistica combination of
uncertainties technique. In the SCD method, input uncertainties
are andyzed usng datistica methods and an overdl DNBR
uncertainty is determined. This overdl uncertainty isthen used to
edablish adesign limit DNBR known as the Statistical Design
Limit (SDL).

Once the SDL has been established, the calculated DNBR at a
specific core state is compared to the SDL to demongtrate that the
DNB protection criterion is met. Duke Power’s SCD methodol ogy
for both B& W and Westinghouse-designed reactors (Reference 12)
has been approved by the NRC.

7.1.3.4 Hydraulic Compatibility

The Mark-BW/MOX1 is designed to be hydraulicaly competible
with the resdent fuel that will bein core when the leed assemblies
are introduced. Mid-span mixing grids are used in the lead
assembliesto closdy match the pressure-drop distribution of the
surrounding fuel that uses intermediate flow mixing grids, asmilar
component. Core hydraulic analyses will be performed by FRA-
ANP (US) to modd the lead assemblies explicitly to develop
predictions of core axia flow distributions, pressure drop, and to
predict crossflow conditions between the lead assemblies and the
surrounding assemblies. Since lead assembly pressure drop will
not vary significantly from that of the surrounding fud, these
andyses will confirm that inter-assembly flow rates, fuel assembly
lift force and core pressure drop are al wdl within established
limits
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7.1.3.5 Core Pressure Drop

The unrecoverable core pressure drop includes pressure drops
across the lower support plate, fuel assemblies, control components
and upper core support plate. The unrecoverable core pressure
drop will be determined by FRA-ANP (US) for afull Mark-
BW/MOX1 lead assembly core and compared to that of afull core
of resdent fuel. The mixed core configuration is bracketed by the
full core configurations of each fud desgn.

7.1.3.6 Fud Assambly Lift

Fud assembly hydraulic lift force will be determined by FRA-
ANP (US) for two bounding core configurations. The limiting
mixed core configurations are the lead assembly core configuration
for the third irrediation cycle (one Mark-BW/MOX1 assambly ina
core of resdent fud), and the maximum MOX core loading (for
this andys's a conservative assumption of 50% MOX assemblies
will be made).

Hydraulic lift forces (lift force minus buoyant weight) will be
determined at both isotherma and ‘a power’ conditions,; andyses
will be performed for core flowrates a both the Mechanical Design
and the Pump Overspeed (‘a power’ only) conditions. The net
hydraulic lift force will be compared againgt the avallable
holddown force at these conditions demondrating the margin to
prevent fud assembly lift.

7.1.3.7 Inter-Assembly Crossflow Veocity

Mixed core andyses with asingle lead assembly in a core of
resident Westinghouse assemblies will be used by FRA-ANP (US)
to determine span average crossflows. The hydraulic smilarity of
the two fuel designs assures the crossflow velocity will be well
below established limits.

7.1.4 Mechanicd Andyss

The lead assemblies and fud rods will be evaluated by FRA-ANP (US) for
mechanica performance based on NRC approved methods. The assembly
anayses will be the same as those performed for the Mark-BW/X1 design
(the advanced Mark-BW design operating as lead assembliesin North
Anna). The fud rod andysswill follow the previoudy approved methods
except that the fudl performance code COPERNIC with MOX specific
models will be used to provide pressures, oxide thickness and strains used
in mechanica andyses.
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Specific fud rod mechanicd andyses to be performed include:
1) Fue rod axid growth and shoulder gap closure
2) Fue rod shipping and handling
3) Cladding corroson
4) Cladding stress
5) Cladding faigue

The specific mechanica andyses to be performed on the fuel assembly
include:

1) Fud assembly growth

2) Fud assembly structurd corrosion

3) Fud assembly norma operation stresses

4) Fud assembly norma operation fatigue

5) Fue assembly LOCA/Seismic stresses

6) Fud assembly shipping and handling

A summary of the methods, criteriaand results of these andyses will be
presented in the lead assembly design report.

7.1.5 LOCA Analyss

LOCA andyseswill be performed by FRA-ANP (US) for the MOX fuel
assamblies. The work effort will include:

Definition, development, implementation, testing, and NRC
gpprova of methods necessary for the analysis of MOX fud
Anaysis of the lead assemblies to support insertion into
McGuire Unit 2, Cycle 16

Theinitid work will define the LOCA evduation modd (EM) and plant
modd changes required for andlyzing and licenasng MOX fud. Thefud
rod and decay heat models are the primary areas for development work
and modification. During this phase, the experience of FRA-ANP (Fr) in
andyzing MOX fud for usein commercid reactorswill be utilized. FRA-
ANP (Fr) will provide any supporting data necessary for EM approva by
the NRC. Duke Power will supply the inputs necessary for the modeing
of McGuire Unit 2 resdent fud.

The MOX fuel lead assemblies will be mixed with a core of resdent
17x17 fud having smilar hydraulic characterigtics. The lead assemblies
will belocated in a high powered, but norlimiting, core region and
andyzed as a hot assembly. Large bresk LOCA caculations will be
performed for the MOX fuel lead assemblies. Mixed core, coolable
geometry, long-term cooling, and smal bresk LOCA andyses will be
evaluated. No impact on the results of these analyses from the MOX fuel
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is expected; the exidting licenaing basis caculaions will be judtified as
gpplicable to the licensing of the MOX lead assemblies.

7.1.6 Non-LOCA Safety Andyss

Duke Power will perform the non-LOCA safety analyses to support batch
implementation of the Mark-BW/MOX1 in the misson reactors. Duke
will submit andyses for NRC review and gpprova documenting the
evauation of the limiting trangents.

For the lead assembly irradiation in McGuire 2, Duke Power will perform
the necessary safety andysis evauations. However, the core response to
limiting trangents will not be affected by the presence of the Mark-
BW/MOX1 lead assemblies. Duke Power will document these safety
andyss evauaions as part of the overdl rdoad andyss.

7.2 Domestic Experience
7.21 MOX Experience

Prior to the U.S. policy decision in 1977 to defer indefinitely the
commercid reprocessing and recycdling of plutonium there were a number
of developmental programs completed that demonstrated the technica
feagbility of MOX fud. However, only minima PWR demongtration
irradiations were completed, and no batch experience was obtained. Thus,
the U.S. experience with MOX fud islimited relive to the data available
from Europe. Detalls of the U.S. MOX programs are provided in

Appendix B.
7.2.2 UO; Experience

Through FRA-ANP (US) and Duke Power, the DCS team has amassed
extensive experience in the design, fabrication and operation of UO-, fud.
This experience provides assurance that the team has the resources,
knowledge, technica capability, and commitment to complete the fuel
qudification effort detalled in this plan.

7.2.2.1 Desgn and Fabrication Experience

FRA-ANP (US) has 27 years of successful design and fabrication
experience of nuclear fuel for PWR’s. Nuclear fud assemblies
were first delivered to Duke Power’s Oconee Nuclear Station in
1971, to date FRA-ANP (US) has supplied nearly 10,000 fuel
assembliesfor PWR's.
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For the mission reactor design (Westinghouse designed reactors),
FRA-ANP (US) began ddivery of fud assembliesin 1987 to Duke
Power Company’s McGuire Nuclear Station. Currently, FRA-
ANP (US) fud is operating in the U.S. in seven Westinghouse-
designed 17x17 reactors. Duke Power’ s Catawba Units 1 and 2,
McGuire Units 1 and 2; Virginia Power’s North Anna Unit 1 (lead
test assemblies); and TVA's Sequoyah Units 1 and 2. An eighth
plant, Portland Generd Electric’s Trojan Plant, lso operated with
FRA-ANP (US) fud. Asof August 1999, FRA-ANP (US) has
supplied nearly 2,500 fuel assembliesto the 17x17 reactors, most

of which were supplied to the misson reactors (McGuire and
Catawba). Combined with the 17x17 fuel experience of FRA-ANP
(US)’s parent companies, FRA-ANP (Fr) and COGEMA, atota of
40,000 fue assemblies have been successfully designed, licensed
and operated in reactors smilar to the misson reactors around the
world. Of particular significance, FRA-ANP (US) fuel has

operated in dl four of the misson reactors. The burnup experience
of the FRA-ANP (US) Mark-BW fud design is shown in Figure 7-
2 to envelop the expected MOX fuel burnups.

FRA-ANP (US) will provide the fuel design experience for the
mission reector fuel; FRA-ANP (US) has an established fudl
assembly, fud rod and fuel component design experience base that
will be applied to the MOX fud. This experience ranges from the
evolutionary revisons of long established fuel designs, such asthe
Mark-B fud products, to the establishment of new fud designs,
such asthe Mark-BW and Mark-B11, which were designed in
response to the challenges of a competitive nuclear fuel market.
The lead assembly programs used by FRA-ANP (US) to
demonstrate design upgrades are detailed in Table 7- 1.

7.2.2.2 Related Services Experience

The FRA-ANP (US) fud-related products and services include
control rod assemblies, incore detectors, and burnable poison rod
assemblies. Full-scope engineering services cover the full

gpectrum of fue-related and reactor system analyses.
Comprehensive fidd services include fuel inspection and repair,
control rod examinations, and pogt irradiation examinations. All of
these FRA-ANP (US) products and services are directly relevant to
the scope of work for the WG plutonium MOX fuel program.
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7.2.2.3 Utility Experience

Duke Power performs reactor core design, fuel reload
qudification, and safety analyses for their rdload cores. This
capability differentiates them from more typica utilitiesthet rdy
upon their fuel vendor to provide these services. In addition, Duke
takes part in extensive support and review of fuel design, fue
fabrication, and PIE examinations. The experience of the utility
supplements that of FRA-ANP (US) in providing and qudifying
reload fuel designs.

7.2.3 Fud Rdighility

Fud rdiability of the Mark-BW/MOX1 design is expected to be consstent
with the current Mark-BW rdiability, equd to the best in the indugtry.

The Mark-BW design has experienced afailure rate of less than one per
100,000 rods, from al manufacturing related causes, sinceitsinception in
1987. The proven MIMAS-produced MOX reliahility, combined with the
proven Mark-BW rdigbility, provides the basis for the expectation that the
performance of the Mark-BW/MOX1 will continue & this high leve.

7.2.3.1 Response to Known Failure Mechanisms

The Mark-BW design has been improved from its inception to
address fud failures that have occurred during operation of the
Mark-BW aswell as other designsin the industry. Specific
regponses to known failure mechanisms include:

a) DebrisFretting

The Mark-BW fud design experienced four fud failures, as
confirmed by ultrasonic testing, due to fretting from debrisin the
reactor coolant. In response, FRA-ANP (US) collaborated with
FRA-ANP (Fr) to develop the Trapper™, fine mesh filter plate
lower nozzle. This design was shown through testing to improve
debrisfiltering to near 100%. Since the inception of the Trapper™
design, there have been no debris fretting failures in the Mark-BW
design.

b) Grid Fretting

Onefailed fuel rod occurred in the Mark-BW design due to grid
fretting on a periphera rod in the lower end grid. FRA-ANP (US)
reviewed the design and modified the grid to increase the
interference between the rod and the spring (soft stop) thereby
meaking the design more robust in terms of margin for
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manufacturing variability, or for accommodating an inadvertent
impact from a neighboring assembly during handling. There have
no grid fretting failures in the Mark-BW design snce the
introduction of the design change.

c) Creep Collapse

The Mark-BW design experienced one confirmed failure due to
creep collapse. Creep collgpse has been virtualy diminated as a
failure cause snce the inception of pellets with nomind theoretica
densities of 95% and above, and stable pdllets that have reduced
the stack shortening due to densfication. The root cause of the
Mark-BW creep collgpse failure was found to be missing pellets
due to manufacturing error. Asaresult, rod loading processes
were modified to diminate the possibility of arecurrence and X-
ray scanning equipment was upgraded to alow detection of
unacceptable gaps in the fuel column, including asingle missing
pellet. There have been no additiond creep collgpse falluresin the
Mark-BW design since these improvements were implemented.

d) End Cap Wed

FRA-ANP (US) produces a Mark-B fud product for the B& W-
designed 15x15 plants. Severd incidents of unknown fud failures
occurred with the Mark-B design prior to 1995. Extensive
investigations produced afinding that defective end cap welds
were the likely cause of thesefailures. Asaresult, severd design
and processng improvements were implemented including aredl
time X-ray system for 100% inspection of every end cap weld.
These design and process improvements have also been gpplied to
the Mark-BW design. Since these changes were implemented
there have been no Mark-B or Mark-BW failures due to end cap
weding.

7.2.3.2 Industry Operating Issues
a) Incomplete Rod Insertion

In early 1996, the NRC issued Bulletin 96-01, which described
events concerning incomplete control rod insertion (IRI) in
Westinghouse-designed plants and requested that licensees
evauate the concern for gpplicability to the licensee' s Stuation.
FRA-ANP (US) provided aresponse in 1997 with data that
demondtrated that RCCA drop times did not show any adverse
trends at higher burnups, and burnups greater than 50,000
MWdJ/MTU had been achieved with successful rod insertion.
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Inthefadl of 1999, anincident of IRI was observed in FRA-ANP
(US)’'sMark-B fud design at the end of TMI 1 Cycle 12, during
post shutdown control rod assembly (CRA) drop time testing.
Mark-B fud isused exdusvedy in B&W desgned 177 Fud
As=mbly (FA) Reactors. Through extensve investigation of the
incident, the root cause was determined to be excessive guide tube
distortion causing the CRA to stop prior to insartion to the limits of
the Technica Specifications. Further investigation of the TMI
incident and data from other B& W 177 FA reectors, identified a
number of factors which, to varying degrees, corrdate to the
incidence of IRI. Thesefactorsinclude 2-year cycle desgns, same
quadrant fuel shuffles, and excessve fud assembly hold down
force. Same quadrant fud shuffles have been minimized or
eiminated and FRA-ANP (US) has reduced the fuel assembly hold
down force of fudl being ddlivered and in the fidd. Further
optimization of the Mark-B hold down spring design is underway
to lower the compressive loads on the fud assembly.

None of these underlying causes are gpplicable to the Mark-BW
design as currently operating or as projected to operate, including
the gpplication to MOX.

Design improvements for the Mark-BW/MOX 1 fuel design as
compared to the Mark-B design configuration exhibiting IRI,
include: 1) M5™ fud rods and guide tubes which reduce rod and
assembly growth thereby reducing the holdddown spring axia load
on the assembly; 2) optimization of the holddown spring loads
relaive to the hydraulic lift to minimize the net axia load on the
assembly; and 3) mid-gpan mixing grids (MSMG) which increase
the assembly laterd gtiffness and provides additiond span support
in the upper haf of the fuel rod and guide tubes.

Table 7-2 provides a comparison of the estimated net holddown
force for the Mark-BW/MOX1 and Mark-B assemblies for BOL
and EOL conditions. The vauesreflect the net holddown force
congdering nominad conditions and includes spring relaxation due
toirradiation. It isshown that the range of expected assembly
growth sgnificantly reduces the predicted EOL net holdown force
for the Mark-B/MOX 1 assembly compared to the Mark-B design,
which exhibited IRI.

Figure 7-3 shows the Mark-BW/MOX1 fud assembly |atera
diffnessis gpproximeately two times greater than that of the Mark-

B design for beginning-of-life (BOL) and end-of life (EOL)
conditions. In addition, the Mark-BW/MOX1 EOL laterd stiffness
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remains higher than that of the Mark-B BOL design. Increasesin
laterd tiffness have been shown to reduce fuel assembly
distortion based on design changes implemented by FRA-ANP
(Fr).

Design differences between the Mark-BW fud assembly and the
fud desgns experiencing the IRI in Westinghouse- designed plants
contribute to the favorable performance of the FRA-ANP (US) fud
for thisissue. These Mark-BW design fegtures include: 1) the
‘floating grid’ structure that produces less mechanicd interaction
during fud rod growth, 2) the seated fud rod design that reduces
the compressive stresses in the guide thimbles; 3) optimized spring
design for lower compressive |oads on the fuel assembly, and 4)
larger diameter guide thimbles that provide more clearance for
RCCA insartion. These features contribute to less guide thimble
digtortion, lessfud assembly distortion, and unrestricted RCCA
insartion. The Mark-BW/MOX1 will have the same structurd
design features and characterigtics as the Mark-BW that has seen
successful RCCA insertions at burnupsin excess of 50,000
MWdJ/MTU. The Mark-BW/MOX1 is not expected to have any
concern or regtriction on operation due to the IRI issue.

b) Axid Offsst Anomaly

The axid offset anomay (AOA) phenomenon is characterized by a
ggnificant negative axid offset deviation from predictions. It has
been hypothesized that CRUD deposits on the fuel rods provide a
location for boron poison to concentrate. The boron buildup in the
higher core eevations, due to the thicker CRUD layers at these
elevations, causes a shift in power to the lower region of the core
(negative offset). AOA has occurred in 18 fud cyclesin 8
Westinghouse-designed plants and may have occurred at 2 B& W-
designed plants. The exact causes are not precisely understood,
but the conditions required for occurrence appear to include
soluble boron and lithium in the coolant, corrasion productsin the
coolant, and subcooled boiling at the rod surfaces.

Prevention of AOA appearsto be related to close adherence to
water chemigiry guiddines and reduction in the reactor coolant
CRUD inventory.

Duke Power will take the appropriate actions to prevent the
occurrence of AOA. Due to the harder neutron spectrum in MOX
fue and the resulting lower boron worth, the Mark-BW/MOX 1
fuel design is expected to be less susceptible to AOA than UO-
fud. Also, the use of enriched soluble boron in the MOX cores
should further reduce therisk of AOA.
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c) Didinctive CRUD Pattern

Similar to the AOA phenomenon, a digtinctive CRUD pattern
(DCP) has occurred at B& W-designed plants. At TMI-1, during
cyde 10, nine firgt burn fuel rods were found to have failures
associated with DCP. The DCP was aso observed on a number of
other fud rods. Hot cell examinations concluded that the fudl rods
failed due to accelerated corrosion associated with abnormally

thick CRUD deposits resulting from the cycle 10 water chemistry
control. Operating guidelines were adopted to guard against
occurrence of DCP, with water chemistry control the key factor.

Asin the case for AOA, Duke Power will adhere to water
chemistry controls designed to prevent these CRUD related
phenomena. The Mark-BW/MOX1 fud design will provide the
same performance as UO-, fuel for these CRUD related
phenomena. The use of M5™ cladding on the Mark-BW/MOX 1
provides additional margin for corroson related falure
mechanisms

7.2.3.3 Continuous Improvement

The Mark-BW has successfully addressed these issues and
continues to operate with high reliability. No fud falures reated

to the design or manufacturing process have occurred in any Mark-
BW fud manufactured after January 1992. Furthermore, FRA-
ANP (US) is committed to the pursuit of zero defect fud.
Fabrication processes and equipment are continualy being
upgraded to improve fud performance. When fuel failures occur,
they are aggressvely investigated to determine root cause and take
corrective action. This commitment will apply to the Mark-
BW/MOX1 design to ensure that the fuel performanceis
maintained & the highest levd.

7.3 European MOX Experience

Fabrication and irradiation of MOX fuel in Europe represents the largest database
for MOX fud in theworld (see Appendix B for U.S. experience and Appendix C
for other worldwide experience). Fabrication and operation of MOX fuel inthe
U.S. will directly benefit from the experience of COGEMA, FRA-ANP (Fr),

EDF, and BELGONUCLEAIRE. Thisexperience will provide the data to support
benchmarking, verification and licensing of computer codes, aswell asthe
processes for fabrication of the MOX fuel. These data will be submitted to the
NRC in support of specific proprietary topica reports.
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7.3.1 European Qudification Experience

The European experience directly applicable to the qudification of MOX

fud for the mission reactor irradiation includes aMOX fud development

and qudification program that has been in progressin Europe for 35 years.
The firs MOX fuel rods were loaded in the PWR test reactor BR3 by
BELGONUCLEAIRE in 1963. FRA-ANP (Fr), COGEMA and EDF have
carried out aMOX fud qudification program in France since 1974. The
magor elements of this French MOX qudlification program are shown in
Table 7-3.

7.3.2 European Fabrication Experience

The firsg MOX fud rods using Zircaoy cladding with MOX fuel produced
utilizing the MIMAS process were introduced in the St. Laurent B1 core
in 1987. By mid-2000, MOX fud was operating in 20 EDF commercia
reactors, with an additional 8 to be added in the future.

The fabrication of MOX fue in the U.S. will utilize the same MIMAS
process used in Europe.  Details of the process are provided in Section
8.3.9. Through the use of the aqueous polishing process, the impurities
introduced to the weapons grade MOX will be effectively diminated,
thereby ensuring that the European experience is gpplicable to the MOX
fud produced in the U.S. from WG plutonium.

The qudification of the U.S. MOX fud requires the successful transfer of
this processto the U.S. facilities and the successful startup of these new
facilities. Through COGEMA, DCS has extensve experience in the dart-
up, quaification, and operation of MOX fuel fabrication facilities. The
production of MOX fue has been qudified in the MELOX, Cadarache,
and BELGONUCLEAIRE / PO manufacturing plants. These three
facilities have produced a combined total of more than 435,000 MOX fuel
rods for 33 of the 35 commercia nuclear reactor unitsirradiating MOX
fud in Europe. In addition, the various production runsin these plants led
to the development of the MIMAS processwhich is currently in use at dl
three of thesefacilities. A complete listing of al of the European plants
using MOX fuel from the MIMAS processis provided in Table 7-4.

DCSwill apply this extensve experience in the upgrading and operation
of the gppropriate DOE facility supporting the fabrication of lead
assemblies aswell asthe MOX Fud Fabrication Fecility.

7.3.3 European Operationa Experience

The extensve European operationd experience will be usad in the fud
qudification effort to benchmark the appropriate core physics analyss
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tools, and as an overd|l demondgtration of the maturity of the MOX
technology. This experience includes MOX fud assembliesthat have
been irradiated by EDF and other European utilities under avariety of fue
management schemes and operating conditions.

The operating schemes include /3 MOX fud core, /4 MOX fud core,
hybrid refueing (where UO, assemblies are used for four annua cycles
while MOX assemblies are used for three); annual cycles; and extended
cycledesgns. The MOX fud assemblies have been discharged with
assembly average burnups as high as 55,000 MWd/MThm. Average
linear power for these plants ranged from 5.43 to 6.28 kW/ft, with core
exit temperatures from 610°F to 619°F.

The European experience dso includes load follow operation, amore
chdlenging fuel duty than the U.S. plant operationd mode. Since 1991,
two EDF reactors usng MOX fuel have been operating under load follow
and frequency control conditions. Based on this successful experience, dl
of the EDF reactors usng MOX fuel have been authorized, snce 1995, to
operate under |oad follow conditions.

In the EDF 900 MWt (157 fuel assembly core) plants, up to 16 MOX
assemblies are loaded in an equilibrium batch using one-third core reload
management. The replacement of UO, assembliesby MOX fud
assembliesis done without any pendty on core operating conditions. An
extended rod burnup god of 61,000 MWd/MThm (52,000 MWd/MThm
assembly burnup) has been set for 2004 as part of the MOX Parity project,
well in advance of the required misson reector initid core loading in

2007. Furthermore, programs are underway in France to develop MOX
designs capable of reaching assembly burnups up to 70,000 MWd/MThm
over the next ten years.

In Belglan reaectors, two schemes of fuel management are followed:
Dod Unit 3 uses annua cycles with 1/4 core reloads.
Tihange Unit 2 uses extended cycles with 1/3 core rdloads, smilar
to the practice at the mission reactors. By the end of the year 2000,
atotal of 92 fudl assemblies had completed 1-3 cycles of operation,
with amaximum fuel assembly discharge burnup of 46,500
MWdJd/MThm.

The current rod design burnup in France is 48,000 MWd/MThm (43,000
MWd/MThm assembly burnup). In Belgium the average assembly
discharge burnup is about 44,000 MWd/MThm at Tihange 2 and 46,500
MWd/MThm at Dod 3. Design assembly burnups as high as 55,000
MWdA/MThm are currently proposed in Germany. Thus, the MOX
exposure experience in Europe clearly envelops the projected typical
maximum assembly burnup for the mission fud of 45,000 MWd/MThm.
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Table 7-5 shows the maximum discharge burnup for the European plants
usng MOX fuel produced by FRA-ANP (Fr)/COGEMA and by Semens
with the same process to be used on the lead assemblies and Misson
Reactor fud (MIMAS for FRA-ANP (Fr)/COGEMA and OCOM for
Siemens).

Use of MOX fud with M5™ cladding is proceeding in advance of the
U.S. gpplication of MOX with M5™ inthe mission reectors. The German
reactor KKP-2 loaded 16 MOX fued assemblieswith M5™ daddingin
1998; an additional 16 MOX fuel assemblies with M5™ wereloaded in
1999. The German reactor GKN-2 loaded 16 MOX fud assemblies with
M5™ dadding in 2000. Current plans for use of M5™ dadding with
MOX fuel include 32 fudl assembliesto be delivered to the German
reactor KKG and 28 fuel assembliesto GKN-2 in 2001.

Two fud assemblies with some M5™ cladding MOX fuel rods will be
loaded into EDF s Chinon 3 reactor in 2001; the target burnup for thisfue
is greater than 55,000 MWd/MThm.

7.3.4 Fud Rdiahility Experience

A comparison of the rdiability of European MIMAS-produced MOX fuel
with that of UO, shows very smilar operating experience. During the
thirteen years that reload quantities of MIMAS-produced MOX fuel rods
have been irradiated in commercia reactors, representing over 435,000
operating fuel rods, only six failed rods have been seen in MOX fud
assemblies. None of the failures have been attributed to the use of MOX
fud. Five of the fallures are known to be due to debris fretting; oneis
believed to be due to the same mechanism. Similar fallures have been
observed in UO; fud assemhblies.

Thefud rdigbility experience with MOX fuel in Europe is expected to be
goplicableto the U.S. The use of the aqueous polishing process for
preparing the WG plutonium will ensure that there are no effects due to
contaminants such as gdlium. Furthermore, the base fudl design to utilize
the MOX pellets (Mark-BW) has rdighility as high asany fud desgnin
operation inthe U.S. asdetailed in Section 7.2.3. Thus, the rdligbility of
the MOX fud with WG plutonium is expected to be very high.

7.3.5 European Experimentd Data

Performance data for fud and materids have been obtained from poolsde
and hot cell examinations. The examinations have concluded thet there
have been no differencesin MOX fuel assembly operationa
characterigtics rdative to UO, fud. MOX fud has been examined
poolside after oneto four cycles of irradiation. In addition, 55 irradiated
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MOX fue rods have been examined in hot cells. The data from these
examinations, combined with a comprehensve out- of-core and in-core
andytica test program on the current fuel products, are being used to
confirm and upgrade the design models and codes necessary for the
continuing improvement of the MOX product. These comprehengve data
will be provided to the NRC in support of specific code and model
submittas, ensuring an efficient review and approva.

Following are detalls of specific examinations supporting the overal
qudification effort:

7.3.5.1 Hot Cdl Examination of the Current MOX Fud

Fuel rods from the firs MOX fud batch in the St.Laurent B1
reactor were characterized and withdrawn after each of three
irradiation cycles. These dataincluded rod burnups up to
approximately 43,000 MWd/MThm and three different plutonium
concentrations. Fuel rodsirradiated for three cyclesat St Laurent
B2, including load following operation in the last cycle, were dso
examined. These examinations showed that the MOX fuel rods
behaved smilarly to UO, fud for both waterside corrosion and rod
dimensiond effects. Furthermore, the rods operating under load
follow conditions behaved smilarly to the reference rods operated
under base load conditions. Moreover, prototypica MELOX fuel
rods (MIMAS process with an ADU/TU2 UO, powder) have been
examined after 1, 2 and 3 irradiation cycles. Four-cycle fue rods
will be hot cdl examined in year 2001. Fractional fisson gas
release of the 3-cydefud rodsliesin the lower range of the
MIMAS/AUC database.

The data show higher fisson gas release for MOX fuel rods
relative to UO, fud rods at the same burnup, particularly above
40,000 MWd/MThm. Andysis of the data with the COPERNIC
fud performance code shows that this difference is primarily due
to the differences in power production of the rods. Dueto
differencesin the fuel properties the relative power of the MOX
rods tends to be higher a high burnup than the relative power of
UO; rods.

The watersgde corroson result was aso confirmed more recently
on optimized Zircaoy-4 cladding in high temperature reactorsin
Germany for arod average burnup of 49,000 MWd/MThm. For
both MOX fud and UO, fud, the maximum oxide thickness was
on the order of 80 microns at this burnup, confirming that MOX
fud performsthe same as UO;, fud rddiveto Zircdoy cladding
corroson. Confirmation of the same equivaence for the advanced
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dadding (M5™) to be used on the Mission Reector fuel will be
obtained in Germany where M5™ rods containing MOX fud will
achieve a burnup of 55,000 MWd/MThm in 2002. Poolside
measurements carried out after two cycles of irradiation in the
KKP-2 reactor (rod burnup of 37,500 MWd/MThm) indicated
oxide thickness of 16 microns. The measurements after 3 cycles
will be performed in 2001.

7.3.5.2 High Burnup Hot Cell Examination

To provide verification of performance and benchmarking datato
support higher burnup needs, four-cycle MOX fud rodswith
burnups up to 53,000 MWd/M Thm have been examined in hot
cdls. The data did not show any fission gas rel ease enhancement
due to the burnup effect. One assembly has completed afifth
irradigtion cycdein the Gravelines-4 reactor. Fuel rods up to
burnups of 61,000 MWd/MThm will be shipped to the hot cell at
the beginning of year 2000, with rod puncture and gas andysisto
be performed by mid-2001.

7.35.3 Andytica Experiments

Out-of-pile and in-pile experimentd tests have been conducted to
promote an improved understanding of MOX fuel behavior. These
R& D programs conducted by the French partners, or part of
international programs, most notably the Halden Reector Project,
have addressed norma and off-norma conditions. The primary
areas of research have concerned thermd, fisson gas release and
mechanical properties.

These data have been used for the development and benchmarking
of the models implemented in the COPERNIC therma/mechanica
code.

7.3.5.4 Power Ramp Tedting

Ramp testing has established that the performance of MOX fud
rods relative to pellet-cladding interaction (PCl) is equivaent to or
better than that of UO, fud. Trandent fisson gas release from the
MOX rods was equivaent to that of UO, fud.

Power ramp tests were performed in the Studsvik experimenta
reactor in aPWR environment in terms of temperature, power and
neutron flux. Short fuel rods were fabricated from segments of
irradiated MOX fuel rodsfrom St. Laurent B1. The rods were
ramped from typica operationd power levelsto termind levels up
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to 14.6 kW/ft without cladding failure, demondrating the excdlent
performance of MOX fud for PCI consderations (Reference 13).

These ramp test rods dso produced information on transient fisson
gas reease (9nce therod did not fail and the gasinventory was
retained). The measured fractional release rates of the five tested
MOX fud rods are consstent with the burnup and power, and did
not show any unexpected behavior. The current transient fisson
gas release modd for UO- contained in the COPERNIC code gives
good agreement with the MOX transent gas release data, as shown
in FHgure 6-1. Other programs with ramp testsin BR2, OSIRIS,
and Halden after irradiation in PWR reactors have aso confirmed
the good behavior of MOX fuel. The ramp test programs carried
out in the BR2 reactor are describe in the paper of M. Lippens at
the Vienna Symposum on MOX Fue Cycle Technologies
(Reference 14) and references cited herein. The andyticd test
programs (testing of 2-cycle and 4-cycle MOX fue rods from
EDF/Framatome) a Halden are made or are being made in the
framework of the Joint Program (HRP) (Reference 15).

7.35.5 Reactivity Insartion Testing

Reectivity insertion tests have been used to determine the enthal py
addition criterion for UO, and MOX fud. Threetest series, for
reactivity insertion impact on UO, and MOX fuel, were performed
in the SPERT test program in Idaho, the reactivity insertion
accident (RIA) test program in the Nuclear Safety Research
Reactor in Japan, and most recently the RIA test series in the Cabri
loop in France. The saven low enriched uranium (LEU) and four
MOX fud tests a Cabri included two uranium fud failures (tests
NA-1 and NA-8) and one MOX fud failure (test NA-7). The
Cabri data are dtill being evauated and no definitive conclusons
have been drawn about any differences between MOX fud and
LEU fud behavior during RIA.

7.4 NRC Interactions

The overdl approach to the fuel qudification effort was presented to the NRC in a
public meeting held June 2, 1999. Thisinitia meeting focused on the use of a
quaified fud design supported by extensive European experience and verified
through a Lead Assembly Program. The expected NRC interactions and schedule
for submittals were presented; the NRC's general concurrence with the requested
review schedule was obtained. Further NRC interactions will take place in the
form of individua licensng submittals, with meetings supporting these submittals

as necessary.
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Thetopica reports to be submitted in support of the fuel quaificetion effort are
listed below with the projected submittal dates. The datato be provided to the
NRC in support of each of the submittals is summarized in Table 7-6.

741 COPERNIC

Thisfud performance code is currently under review by the NRC for
goplication to UO, and MOX fudls. COPERNIC contains models for
MOX aswell as UO3, and has been used for MOX fud applicationsin
Europe since 1997. A topica report addendum supporting the use of
COPERNIC for MOX applications was submitted to the NRC on July 31,
2000.

7.4.2 LOCA Evaduation Modd

The NRC approved FRA-ANP (US) LOCA evduation modd (EM)
comprises a suite of codes and methods that have been approved for
licenang analysis of the mission reactors and other amilar reactors. For
MOX applications the EM will be modified and atopica report addendum
to the EM topica submitted to the NRC in August 2001.

743 RELAP/MOD2

The RELAP fud pin gap conductivity modd, currently based on the
TACO code, will be modified to facilitate initidization with the MOX gap
model used in COPERNIC. Also, the use of multiple MOX
concentrations within the assembly, and the differing types of fud inthe
core necesstates that a core mode be developed capable of andyzing the
core with different fuel types. The NRC gpproved RELAP/MOD?2 topica
will be revised to incorporate these changes and submitted to the NRC in
August 2001.

7.4.4, CASMO-4/SMULATE-3 MOX

Duke Power will use CASMO-4 and SSMULATE-3 MOX with methods
that have been approved by the NRC for UO-, gpplications. A topica
report for CASMO-4 and SIMULATE-3 MOX, demonstrating
benchmarks to the European MOX database will be submitted to the NRC
by August 2001.

745 MOX Fud Design Topica
A MOX fud design topica report will be prepared and submitted to the
NRC in support of the use of MOX fue in the mission reactors. The

MOX Fud Desgn Topicd will reference an updated revison to the Mark-
BW Mechanicd Design Topicd for the overdl assembly design and will
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focus on the effect of MOX materid properties and operating
characterigtics on the fuel design. The differences between UO, fud and
MOX fud, and the differences between wegpons-grade and reactor grade
MOX, will be addressed. The effect of MOX on the fud rod design will
be detailed. The MOX Fud Design Topica and the revision to the Mark-
BW Mechanicad Design Topica will be submitted to the NRC by August
2001.

746 Lead Assamblies

The impact of the lead assemblies on McGuire 2, Cycle 16 will be
addressed in an Addendum to the McGuire License Amendment Request
to be submitted to the NRC by August 2001. This Addendum will address
the mixed core therma hydraulic impact of operation of McGuire 2, Cycle
16 with Mark-BW/MOX1 lead assemblies. Lead assembly issues relaing
to the use of MOX will reference the MOX Fud Design Topicdl.

7.4.7 Non-LOCA Safety Andysis

Duke Power will submit atopica report related to specific transent
andyses affected by the MOX fud characterigtics. This submitta is not
required for lead assembly gpprova, but supports the overdl fue
quaification effort. Duke Power will submit the Safety Andysis
Methodology for MOX Fuel Corestopica by December 2002.

7.5 Technical Issues
7.5.1 Weagpons-Grade Plutonium

The extensive European MOX fuel experience base derives from the use
of fud assemblies with plutonium produced by reprocessing commercid
nuclear power reector fud. Thiskind of MOX fue istypicdly referred to
asRG MOX fud. RG refersto plutonium with a PL#*° concentration in
excess of 20%. By contrast, the U.S. MOX fuel program will be based on
WG plutonium, with a PL#*® concentration of 7% or less. Until relatively
recently, virtudly dl WG plutonium was reserved for nuclear weapons
stockpiles, so there has never been any large-scale use of WG MOX fud
in nuclear reactors. However, as noted in Appendix C, some early MOX
fud test programs did use MOX fud with high fissle plutonium
concentrations (e.g., Saxton, Ginna, and San Onofre). In those programs
there were no reported MOX fud performance problems. Asdiscussed in
the following sections, the differencesin MOX fud that are attributable to
isotopics are minor, well-understood, and addressed by the Fuel
Qudification process.
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7.5.1.1 Physcs Andyss

In light water reactors LEU fud, RG MOX fud, and WG MOX
fud dl produce power as aresult of nuclear fissonsinduced by a
neutron field. For al three fud types, the fissions occur primarily
due to capture of thermd neutrons by uranium and/or plutonium.
Both conventiond low enriched uranium (LEU) fued and WG
MOX fud can be thought of as clean fuds. When initidly loaded,
both fuels produce power primarily from the fisson of one isotope
(**3U for LEU fud, *°Pu for WG MOX fud). Both fuels have
relatively smdl amounts of heavy parasitic isotopes in their
compadtion. In contrast, RG MOX fud contains important
quantities of poisoning isotopes that complicate caculations. Due
to the presence of the parasitic fertile plutonium isotopes, aRG
MOX fue assembly will require sgnificantly more plutonium than
aWG MOX fud assembly with the same reactivity.

Tables 7-7 and 7-8 show representative characteristics of
unirradiated LEU, WG MOX, and RG MOX fud assemblieswith
the same fuedl mechanicd design. Theinitid uranium enrichments
and plutonium concentrations were chosen to produce an
equivaent reactivity at gpproximately 20,000 MWD/t burnup. The
tables show that al three fue types are predominantly uranium.
The plutonium meass (both tota, and for individua isotopes) of the
WG MOX fud assembly fdls between thet of the LEU fud
assembly and that of the RG MOX fud assembly.

As nuclear fud is used, the dementd and isotopic congtituents of
the fuel change. For LEU fudl, 2°U is depleted, plutonium is
produced, and the isotopics of the plutonium evolve. The LEU
fud plutonium isotopics are initidly smilar to unirradiated WG
MOX fud, but they rapidly evolve toward RG MOX fud. For WG
MOX fue, plutonium is depleted and the isotopics of the
plutonium evolve toward unirradiated RG MOX. For RG MOX
fud, the plutonium is depleted and the isotopics of the plutonium
further degrade (i.e., alower and lower percentage of fissle
plutonium). These characterigtics are shown on Figures 7-4, 7-5,
and 7-6.

Asaresult of the changes described above, the source of fissons
changes markedly with burnup for LEU fud. However, both RG
MOX and WG MOX fud have little thermaly-fissonable
uranium, so the fissonsin both MOX fud types are gpproximately
90% plutonium & any burnup. This effect is shown on Figure 7-7.
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The reactivity change of the fuel with burnup results from the
change in dementa and isotopic composition. Depletion of 3°U
and fissile plutonium (2*°Pu and 2**Pu) reduces reactivity, as does
buildup of fertile plutonium (3*°Pu). Conversdly, buildup of fissile
plutonium and depletion of fertile plutonium increase reectivity.
The net result of these factors on the fue neutronic performanceis
illugtrated in Figure 7-8, which shows the infinite multiplication
factors (ky) of LEU, RG MOX, and WG MOX fud assembliesasa
function of burnup. LEU fud reectivity decreases most steeply
with burnup, while RG MOX fue decreasestheleast. WG MOX
fud behavior lies between that of LEU fud and RG MOX fud.

Severd important points can be made relative to the different fue
types discussed above.

LEU fud, RG MOX fud, and WG MOX fud are
fundamentaly smilar and, from a neutronic perspective,
differ due to the relative amounts of various fissonable and
fertile isotopes of uranium and plutonium.

Sgnificant plutonium fissons occur in medium- and high-
burnup LEU fud.

RG MOX fud has higher initid concentrations of heavy
plutonium isotopes than WG MOX fud. For the same
reactivity, the amount of plutonium in RG MOX fud is
sgnificantly grester than the amount of plutonium in WG
MOX fud.

The reactivity behavior of WG MOX fud as afunction of
burnup is between that of LEU fud and that of RG MOX
fud.

Some important conclusions can be drawn from these points.

The ability to predict the behavior of coresloaded initidly
with al-uranium fud requires the cgpability to modd
plutonium fue behavior.

RG MOX fud presents a greater chalenge to neutronic
modeling methods than WG MOX fudl.

WG MOKX fud characterigtics as afunction of burnup are
generdly bounded by LEU fud and RG MOX fuel.

Thus, it can be concluded that nuclear andysis methods thet are
demonstrated to modd LEU fud and RG MOX fud with an
acceptable accuracy should also be capable of modeing WG MOX
fud with asmilar level of accuracy. Thisisthe approach thet will
be used by Duke Power to qudify the CASMO-4 and
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SIMULATE-3 MOX computer codes for gpplication to WG MOX
fud andyses.

7.5.1.2 Fud Peformance

The use of wegpons-grade (WG) plutonium for MOX fud in place
of reactor-grade (RG) plutonium has the potentid to affect fuel

performance with respect to:

Therma Conductivity
Fisson Gas Rdlease

Fud Pdlet Sveling
Radia Power Digtribution

The plutonium fissile content — 23°Pu plus 2**Pu — of the WG MOX
fud istypicaly 94%, whereasthe RG MOX fud is 70% (see Table
5-2). Further, asdiscussed in Section 7.5.1.1 the RG materia
contains significantly higher concentrations of 24°Pu which acts as
an absorber, reducing the reactivity of the RG materid rdative to
the WG materid. Thus, the plutonium concentrations for MOX
fud from the WG materid must be reduced gpproximately 40% to
maintain the same tota reectivity asthe MOX fuel made from RG
materid. Thisreductionin totd plutonium concentration ensures
that the macroscopic plutonium effects on fuel performance are
bounded by the data from MOX fuel made from RG plutonium.

On amicroscopic scae, the didribution of fissle materid within
the PuO,-UO, matrix is controlled by the manufacturing process.
Inthe MOX fud fabrication process usng RG materid, aprimary
blend and micronization is performed with a UO,/PuO; ratio of
70/30. This process sep establishes the fissle content of the
plutonium rich agglomerates. The micronized master blend isthen
diluted with UO> to reach the find plutonium concentration. Thus,
the microgtructure of the pellet from RG materid congss of a
uniform UO, matrix with uniformly distributed PUO,-UO,
agglomerates containing 30% PuO..

For the WG materid the primary blend will be performed with a
UO,/PuO;, retio of 80/20. Using the same process as used with the
RG maeid, this master mix isdiluted with UO» to reech the find
plutonium concentration. However, since the WG materia hasa
relative 35% higher fissile content and significantly less>°Pu
paradtic materid, the 80/20 master mix will produce plutonium

rich agglomerates from the WG materid that are equivaent in

fissle content with the fuel produced from RG materid usng the
70/30 ratio. The resulting pellet microstructure for the MOX pellet
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from WG plutonium will be equivaent to the pellet microstructure
of the MOX pellet made from RG materid.

The UO, matrix that establishes the overdl pellet
microstructure is the same since the same process and
the same feed UO; is used in both cases.

The grain Sze, paticle 9ze, and particle digtribution
will be the same since the processis the same in terms
of blender operation, Sze of Seves, pressng conditions,
and sintering conditions.

The digribution of fissle materid will be the same

since the particle Sze and didtribution are the same, and
the magter mix adjusment has maintained the same
fissle content of the plutonium rich agglomerates.

Thus, the fisson density and the fisson product inventory will be
the same in both WG and RG MOX fuds. Sincethetwo fuels are
equivalent in fissle content and digtribution of the fissle materid,

it can dso be concluded that WG MOX fud will behave the same
as RG MOX fud for consderations involving pdlet therma-
mechanica behavior — fisson gas release, transent response, and
swdling.

Thetherma conductivity of the WG MOX fud will lower than
that of UO, fuel but bounded by that of the RG MOX fuel. Since
the two materias have equivaent digtributions of fissle materid,
and the WG materid has lower overadl plutonium concentrations,
the thermd conductivity of the WG MOX fud will be less affected
by the presence of plutonium in the fud matrix.

Thefud pedlet radid power profile for WG MOX fud will
likewise be bounded by the RG MOX fud performance. The
digribution of fissle materid is equivadent for the two materids,
while the total plutonium concentrations are reduced for the WG
MOX fud.

7.5.1.3 Sdfety Andlyss

Safety analys's considerations associated with MOX fud were
addressed in Section 7.1. The only physical differences between
MOX fud and conventiond LEU fud arein the fue pelet
materid and microgtructure. In addition, the fud type can
influence the results of safety anayses through the nuclear
Characterigtics of the fud.
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The materid differences are relatively minor — both MOX fud and
LEU fud are predominantly uranium oxide — and well
characterized. It should be noted that WG MOX fuel has alower
concentration of plutonium than does RG MOX fud, so WG MOX
fuel materid properties are even closer to those of LEU fud than
are RG MOX fud materia properties.

The microgtructure of MOX fuel pellets consgts of very smdl
fissle plutonium-rich particlesin amairix of depleted uranium
oxide. In contrast, LEU fud is ahomogenous matrix of enriched
uranium oxide. However, most design basistransents and
accidents are insengtive to microgtructure differencesin the fud
pellets. A reactivity insertion accident (RIA) is an extreme
scenario that merits further consideration with respect to WG
MOX fud microgtructure. RIAs are addressed in Section 7.5.2.
As noted in that section, testing of both LEU and RG MOX fud
rods under smulated RIA conditions has been performed at Cabori.
It could be postulated that WG MOX fuel behavior under RIA
conditions would be different than RG MOX fud due to the higher
fissle plutonium concentration in the plutonium rich partidesin

the fud matrix. However, by establishing the master mix for WG
MOX fud a 80/20 as discussed in Section 5.2.3, the fissle content
of the plutonium rich particles is maintained the same asthe RG
materid using the 70/30 mix. Thus, the power production in the
WG MOX plutonium-rich particles during a hypotheticad RIA will
be maintained at approximately the same leve as the power
production in RG MOX plutonium-rich particles during the same
scenario.

Fud characterigtics influence design basis transients and accidents
through physics parameters such as moderator temperature
coefficient, Doppler coefficient, and besr. These physics
parameters are calculated using nuclear analysis computer codes
that are benchmarked againgt operationd reactor data. The ability
of the computer codes to predict accurately the characteristics of
both LEU and partidl RG MOX fuel cores provides assurance that
the same andytica methodologies can predict the characterigtics of
partid WG MOX fud cores with smilar accuracy.

The ability to predict the behavior of WG MOX fue during
licenang basis trangents and accidents is commensurate with the
ability to predict RG MOX fud or LEU fue during the same
scenarios.
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7.5.1.4 Gdlium

Gdliumisalow mdting point dement and isliquid a dightly
above room temperature. It can cause embrittlement in many
metas and aloys and is congdered undesirable in both the
processing and use of MOX fud.

There are two primary concerns with the presence of gdliumin
nuclear fud. Thefirg rdatesto fabrication of thefud. The
second relates to the operation of the fuel and particularly the
potentid for cladding attack, with subsequent fud rod failure.

The percentage of gdlium present in wegpons grade plutonium is
on the order of 1% by weight (maximum of 1.296). Depending on
the quantity of plutonium being processed during fud fabrication,
this concentration could fail various furnace componentsused in
the therma processing (Sintering) and result in extensive repairs or
replacement of contaminated items. Since the mission reactors
require tonnage quantities of fuel, the risk associated with furnace
downtime and failures from gallium embrittlement could be high;
therefore, it isrequired that the gallium be reduced to low levels
prior to any sintering operations.

Regarding in-reactor performance, a concern has been expressed
that gallium could cause degradation of the cladding. Also, the
gdlium could migrate to the cooler regions of the fud rod,
particularly the susceptible heat- affected weld zone, and cause
embrittlement and fud rod failure.

To resolve the potentia harmful effects of gdlium, the fabrication
process will utilize an agueous polishing step to effectively

diminate gdlium and other impurities from the WG plutonium

prior to conversion to the oxide form. The polishing step to be
implemented a the MOX Fud Fabrication Facility utilizesa
solvent extraction process to produce an acceptably pure feed
materid for converson to PUO, powder. Other processes, such as
ion exchange, may be used for lead assembly fabrication, and are
expected to produce equivaent feed materid.

Based on COGEMA experience and predictions, the use of a
polishing processis expected to alow production of MOX fuel
pellets with gdlium levelsin the parts-per-hillion (ppb) range.
Gdlium, a these extremely low concentrations, is not expected to
have any detrimenta effect on processing equipment or cladding
performance.
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Fud Performance with Gdlium

Tegting of the effects of galium on fue performance, a
sgnificantly higher levels than expected in the misson reactor

fud, is currently underway in the Advanced Test Reector (ATR)
(Reference 16). The Average Power Test (APT) began irradiaion
in January 1998 with two types of MOX fud

1. Thefirgt fue type was untrested reletive to impurities and
contained a galium concentration of 3.0 ppm.

2. The second fud type was thermdlly treated to reduce the
impurities and contained gdlium at the 1.3 ppm levd.

Test rods have been examined after burnups of 8,000, 21,000, and
30,000 MWdJ/MThm, operating at heat rates of 5-10 kW/ft. The
burnups are projected to reach 50,000 MWd/M Thm during future
irradiation cycles. The post irradiation examinations are amed at
determining the effects of gdlium on fuel rod performance,
incduding the potentid embrittlement of the Zirc-4 cladding. The
performance of the test capsules has been good with no anomaous
effects. These testswill continue to be followed and are expected
to provide additiona assurance that operation of MOX pelletswith
galium concentrations as grest as 3.0 ppm offers no concern for
fue rod performance.

Effectiveness of Polishing Process

The effectiveness of the polishing process to remove gdlium has
been evauated through a series of |aboratory tests conducted by
ORNL (Reference 17). The ORNL testsintroduced gdliumin
known quantities prior to subjecting the materid to the same
chemica process as the production facility. To dlow the
measurement of the very smdl amounts of galium remaining after
the polishing process, the gallium wasfirgt activated in ORNL's
High FHux Isotope Reactor (HFIR). These tests confirmed that the
decontamination factor (DF) for the processis greater than 10°.
Such aDF produces afind gdlium concentration less than 120
parts per billion (ppb) in the feed PUO, powder, for plutonium
containing a maximum of 1.2% gdlium. When this polished feed
PuO- powder isthen diluted with depleted UO, powder, the find
gdlium concentration in the finished MOX pellet is comparable to
current LEU fud.
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Gdlium Content of Current UO» Fuds and Components

The polishing process will reduce the gallium leve of the feed
powder to trace levels, congstent with theleved of gdlium found
as an impurity in currently operating UO- fud pellets. Thesefuds
have operated successfully for decades, with no indication of
gdlium rdated fud failures. Furthermore, gdlium is produced
during operation from the direct activation of zinc that istypicaly
present from processing as an impurity in cladding meterid and
UO; pelets. Galium isaso present as an impurity in LEU fud
rod components— cladding and plenum springs.

Archive samples of fudl pellets and components have been
andyzed at ORNL for gdlium to determine the levelsin UO-, fuds
that have operated successfully. The pellet samples analyzed at
ORNL represent four contracts of FRA-ANP (US) fuel fabricated
over afive year period from 1990 through 1994. Both Mark-B
(15x15) and Mark-BW (17x17) fud types were included, as were
pellets from two pellet vendors. The results of these analyses are
shown in Table 7-9.

As shown, the gdlium levd in the archive UO; fud pdletsis
approximately 10 ppb. The batches of fuel represented by these
archive samples operated successfully, with no indication of
cladding degradation or falure. The polishing process will reduce
the gallium content in the feed plutonium to less than 120 ppb;
fallowing dilution with UO,, the polished plutonium contributes
goproximately 6 ppb or lessto the gdlium content of the finished
MOX pellets. This polished PuO- is then diluted with depleted
UO, that is expected to contain trace levels of gdlium, a levels
comparable to the enriched UO, samples ingpected at ORNL.
Thus, the finished MOX pellets are expected to contain gdlium a
gpproximately 10-20 ppb. Thisleve of gdliuminthe MOX fud
is conggtent with the levels of gdlium that have operated
successfully; therefore, gdlium from the WG plutonium offers no
concern for the MOX fud.

The remaining archive fuel components, the soring and cladding,
were found to contain higher levels of gdlium. The average
gdlium content of the fue rod plenum spring samples was 38 ppm,
or 38,000 ppb. Thisleve of galium present as an impurity in the
Soring materid is conastent with the leve of gdlium found by
ORNL in the plenum springs used inthe ATR tests @ INEEL. The
presence of gdlium in the plenum soring materia issgnificant in

that it illugtrates the levels of gdlium that have been present in fud
components for many years, but was never known because
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ingpections have never been performed previoudy at these
extremdy low levels.

The archive Ziracloy-4 cladding samples contained an average of
236 ppb gdlium. This measured gdlium leve corresponds to the
same total mass of gdlium in the cladding as would be present in
fue pelletsif those pellets had a 50 ppb concentration (due to the
different masses of cladding and fudl). Theresults of this
evauation are Sgnificant in that the mass of galium introduced in
the rod from the WG plutonium is much less than the mass of
gdlium aready present in current operating cladding and fue
pellets. Thus, the presence of gdlium from the WG plutonium
presents no additiona risk of cladding failure from gdlium.

7.5.2 Reactivity Insertion Accident

The control rod gection accident is the bounding reactivity insertion
accident (RIA) for light water reactors. Design basisrod gectionsin
pressurized water reactors (PWRS) are analyzed by assuming the
ingantaneous insertion of pogtive reactivity (corresponding to a bounding
maximum control rod worth) into the core. The reactor power increases
rgpidly until the fuel heats up and the resulting negative Doppler feedback
surpasses the positive reactivity insertion from the gected rod. Theinitid
power increase triggers areactor trip signal, and the other control rods fall
into the core, terminating the power excurson. The accident is terminated
in afew seconds. The event is postulated to occur at either hot full power
or hot zero power, and a any timein cycle.

Control rod gection is not considered to be a credible event for PWRs.
Probabiligtic safety assessments indicate that control rod gection isnot a
sgnificant contributor to risk of ether core mdt or offsite dose
consequences. However, control rod gections have been the bounding
reectivity insertion accident evauated in licensing basis safety andyses
for nuclear power reactors.

There are three acceptance criteriafor licensing basis andlyses of control
rod gjection accidents.

1. Energy depostion: Typicdly, PWRs are required to
demondtrate that the radidly averaged enthdpy of the fuel
resulting from the accident is less than 280 caories per gram.
This limit was imposed to ensure that the fud does not disperse
and produce an energetic fud-coolant interaction. The cd/g
acceptance criterion is based largdly on fresh fuel experimenta
data generated in the 1950s and 1960s.

2. Reactor coolant system pressure: The acceptance criterion isto
maintain the pressure below 120% of system design pressure.

DCS No. DCS-FQ-1999-001, Rev. 2 -65- FRA-ANP (US) No. 77-5005775-02



Fuel Qualification Plan April 2001

3. Dose Offgite dose acceptance criteriafor control rod gection
accidents are 25% of 10 CFR Part 100 dose limits (i.e., 6.25
rem whole body and 75 rem to the thyroid at the exclusion area
boundary). During a bounding control rod gection accident,
conservative licenang andysesindicate that a number of fue
rods will undergo departure from nuclear boiling (DNB) and
are therefore assumed to fail and release fisson products into
the reactor coolant. Some of the reactor coolant activity is
released to the environment through two pathways.

a) A releaseto containment through the breach in the
reactor vessel head with containment leskage to the
environmen.

b) A releaseto the steam generator secondary side through
an assumed concurrent steam generator tube leak with
release to the environment through steam line relief
vaves.

Thefuel responseto control rod gection accidentsis andyzed using a
coupled neutronic and thermal- hydraulic computer code. A point kinetics
model has been traditiondly used for many licenang caculations, and

such modes provide for very conservative results (overpredicting the peak
power). More recently, three-dimengond kinetics models such as
ARROTTA, SSMULATE-3k, and NEMO-K have been used to provide a
more accurate prediction of core power response, resulting in more margin
for core design.

The fundamenta response of MOX fuel during acontrol rod gection
accident should be largely smilar to the response of LEU fudl. However,
there are some thermal and neutronic differences between the fud types,
discussed below.

1. Initid fud temperature. MOX fud thermd conductivity is
lower, so theinitid fud temperature is higher while at power,
making the overheeting gresater.

2. Doppler reactivity feedback. Partid MOX fud cores have a
more negative Doppler coefficient, which helps to mitigate the
accident.

3. Effective ddayed neutron fraction (beta-effective). Partid
MOX fud cores have lower delayed neutron fractions, leading
to amore rapid power increase for the same positive reactivity
addition.

4. FEjected control rod worth. Control rods are worth lessin
partid MOX fud cores, tending to make the accident less
severe. Control rod replacement with enriched B4C rods
(Section 7.1.1.2) could affect the magnitude of this reduction;
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however, the net effect is expected to be areduction in the
g ected rod worth.

These differences can be quantified and the overall impact assessed using
state-of-the-art anayticd tools. Preiminary assessments by Duke Power
using the SMULATE-3k computer code indicated that the overal impact
of MOX fud on contral rod gection andyss resultsis not substantial.
Duke will make aformd submitta of MOX fud RIAs asapat of the
non-LOCA safety analysis topica report described in Section 7.4.5.

Thereis another issue associated with hypothetica control rod gection
accidentsin MOX fud — the vdidity of the cal/g acceptance criterion. The
NRC has indicated that the current energy deposition criterion, i.e., the
radia-average enthadpy of the fuel resulting from arod € ection accident
be less than 280 cdl/g, is no longer acceptable over the entire range of light
water reactor fuel conditions. Thisissueis part of alarger issue associated
with cal/g acceptance criterion for high burnup fud - LEU or MOX.

Some experimenta data have produced fue rod fallures a lower than
expected energy insertion levels. A test program conducted at the Cabri
facility in France indicates thet rod failure during reactivity insertion

events can be influenced by factors such as cladding corrosion a the time
of the accident, energy pulse width, and totd incrementd energy
deposition. The NRC has continued to accept the current criteriafor LEU
fud up to the fud burnup licensing limit of 62,000 MWD/t. The NRC
pogition is based on a number of factors, including the fact that the very
nature of irradiated fuel (much of the reactivity is depleted) makes it very
unlikely to exceed 100 cd/g in LEU fue with burnupsin excess of 40,000
MWD/, the conservative nature of the licensing based analysis, and
margin to the 10 CFR 100 radiologica release limits.

The Cabri facdility is asodium-cooled test [oop that conducted eleven
experiments related to RIAs. In each test, a part-length irradiated fud rod
was exposed to a neutron power excurson Smilar in magnitude to (but
generdly higher than) energy depositions thet might be experienced in
redistic rod gection accidents. Seven of the tests used a LEU fud rod,
and four of thetestsused aMOX fud rod. Two LEU tests and one MOX
test experienced arod falure during thetest. Inthe MOX test, the fud rod
falure was unusudly energetic in nature. Although post-test examinations
on the specimens are not complete, a“MOX fud effect” leading to the
unexpectedly disruptive failure has been postul ated.

There are ongoing discussions between the industry and the NRC with the
god of reaching agreement on an updated, burnup dependent cal/g
acceptance criterion for LEU fud undergoing aRIA. It is expected that
the NRC will adopt the same or a Smilar acceptance criterion for MOX
fud. To demongrate compliance with aRIA cal/g acceptance criterion,
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Duke Power will perform rod gection accident smulations with partia
MOX fue cores and quantify the impact of usng MOX fud on RIA
consequences. As gppropriate, Duke Power will relax some of the
extreme conservetism (e.g., gected rod worth, initia conditions) that are
currently present in the licenang caculations. No additiond testing
should be required to demongtrate that partiadl MOX fud cores meset the
ca/g criterion and 10 CFR Part 100 dose limits.

The submitta to the NRC will aso discuss the acceptability of the MOX
fue design for rod gection accidents based on the following arguments:

1. Theextremdy low probability of aworst-case rod gection
event, especidly in light of the recent NRC initiative to focus
oversght on risk-sgnificant issues.

2. Proposed burnup limitsfor MOX fud that are subgtantialy
lower than LEU fue (50,000 MWD/t MOX fud rod burnup,
vs. 62,000 MWD/t for LEU fud rods).

3. Useof alow corrosion dadding dloy (M5™) on MOX fud
rods. (Cabri testsindicate that cladding corrosonisan
exacerbating factor for high burnup RIAS).

7.5.3 Source Term/Severe Accident

Severe accidents are hypothetical events which lead to large- scde fud
damage (core melt) at light water reactors. If the primary coolant system
and containment barriers are also breached, fisson products and core
activation products could be released to the environment, leading to
ggnificant consequences (offste doses) to the public. These
conseguences could include prompt fatdities and latent cancer fatdities.
Severe accidents are by their nature beyond design basis events. There
has been one severe accident at a United States light water reactor — TMI-
2in 1979. At that event, the radionuclides were largely confined to the
primary coolant system and the containment, and offsite consequences
were minimd. Following the TMI-2 event, numerous safety
enhancements were implemented at United States reactors to further
reduce the probability and consegquences of a severe accident.

MOX fud is expected to behave smilarly to low enriched uranium (LEU)
fuel during postulated core mdlt events. MOX fud, like LEU fud, isa
ceramic oxide that is primarily uranium. LEU fud, after resdencein
reactors, contains gppreciable amounts of plutonium and other actinides,
like MOX fud. From the perspective of fuel behavior during core melt
scenarios, the fundamenta severe accident phenomenology should not
change with MOX fud.
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Irradiated MOX fud has a somewhat different radionuclide inventory than
LEU fud. For fisson products, thisis attributed to different fisson

product yields. For actinides, thisis attributed to different initia

inventories of plutonium and americium in the fud. The radioisotopes
present in irradiated MOX fue are the same as the radionuclides present in
irradiated LEU fud, but the quantities of each radionuclide are different.

In other words, the number of Curies of agiven radioisotope in MOX fue
will be different than the number of Curiesin LEU fud of amilar burnup.
Some radioisotopes are relatively more abundant in the MOX fud; other
radioisotopes are reatively more abundant in LEU fudl.

The magnitude and impact of the differing radionuclide inventories was
assessed by the Department of Energy (DOE) in the 1999 Surplus
Plutonium Disposition Environmenta Impact Statement (SPD EIS). The
results indicated that severe accident consequences were generdly higher
for the misson reactorsif they had some MOX fuel (as opposed to dl-
LEU fud) in their cores.

However, it should be noted that al of these scenarios are extremely low
probability, beyond design basis events. The Nuclear Regulatory
Commission has established safety gods for risk to the public from
nuclear power plant operation. Those safety god's state that the risk of
prompt fataity to a person in the vicinity of a nuclear reactor should be
less than 0.5% of the overall prompt fatdity risk to such a person.
Similarly, therisk of latent cancer fatdity to a person near a nuclear
reactor should be less than 0.5% of the overal cancer risk to that person.
All four misson reectors are far below (much safer than) the NRC safety
gods, with or without MOX fuel in their cores.

It has been dleged that the probability of severe accidentsis worse for
light weter reactorsusng MOX fud. Thereis, however, no credible
evidence to support this assertion. Typicaly, the dominant core melt
sequences at light water reactors involve severe externd events, such as
high magnitude earthquakes, or multiple equipment failures that remove
decay heat remova systemsfrom service. These types of severe accident
sequences are insengtive to nuances of fuel behavior.

To address this issue Duke Power will quantify the incrementd risk
associated with using partill MOX fuel cores, as opposed to dl-LEU
cores. Thefirst step will be calculating the radionuclide source term for
typica LEU cores and partid MOX fud cores using the ORIGEN-S code,
which isbeing vaidated for MOX fud gpplications by FRA-ANP (US).
The source terms will beinput to aLeve 3 PRA cdculation to be
performed by the utility. Based on the DOE SPD EISwork, it is expected
that the results of the calculation will be that the overdl risk associated
with reactor operation with partid MOX fue coreswill incresse
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margindly. The caculaionswill show that there is no Sgnificant
incrementd risk to the public associated with partid MOX fud core
operation. The PRA resultswill be provided to the NRC as a part of the
license amendment request to alow for reactor operation using batch
quantities of MOX fud.

Through FRA-ANP and EDF, DUKE COGEMA STONE&WEBSTER
(DCS) will maintain cognizance of European developments related to
MOX fud. When relevant to severe accident issues, such experience will
be trandated to the U.S. MOX fud project.
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Figure 7-1 Mark-BW/MOX1 Fuel Assembly Design
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Figure 7-2 Mark-BW Burnup Experience
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Figure 7-3 Fuel Assembly Lateral Stiffness
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Figure7-4 Total Plutonium Mass
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Figure 7-5 *°Pu Concentration
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Figure 7-6 Fissile Plutonium
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Figure 7-7 Plutonium Fissions— Fraction of Total Fissions
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Figure 7-8 ky vs. Burnup
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Table7-1 Lead Assembly Experience

Post
Program Description Reactor Irradiation Comments
Programs
Mark B 15x15 base design Oconee 1 Poolside + hot Irradiated 5 cycles
cel 50,200 MWd/t burn up
Mark BZ 15x15 Zircaoy spacer grid Oconee 2 Poolsde Irradiated 3 cycles,
38,000 MWd/t burn-up
Mark-GdB Zirc grids, RXA GTs & Oconee 1 Poolside + hot Irradiated 4 cycles,
Gd-U02 Rods cdl 58,300 MWd/t burn-up
Mark-BEB Extended burn-up features ANO-1 Poolside + hot Irradiated 4 cycles,
cdl 57,300 MWd/t burn-up
Mark-BW15 Zircaloy lead assemblies Haddam Neck Poolsde Irradiated 3 cycles,
38,000 MWd/t burn-up
Mark-BW17 17x17 lead assembly McGuire 1 Poolside Irradiated 3 cycles,
44,000 MWd/t burn-up
Mark-BW17 SCA Advanced Cladding Demo McGuire 1 Poolside Irradiated 3 cycles,
39,300 MWd't burn-up
Mark-BW17Adv M5 ™ Advanced Alloy McGuire 1 Poolside + hot Irradiated 3 cycles,
Alloy Cladding Demo cell 41,600 MWd/t burn-up
Mark-B11 Lead assemblies with small Oconee 2 Poolsde In second cycle of
diameter pin, mixing grids irradiation
Mark-BW17 HEU | Demo of downloadable HEU Sequoyah 2 Poolsde Infirst cycle of
irradiation
Advanced Mark- Demo of M5 ™ advanced North Anna 1 Poolsde In second cycle of
BW dloy, mid-span mixing grids irradiation
Mark-B advanced Demo of M5 ™ advanced T™MI-1 Poolside In third cycle of
dloy cladding irradiation
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Table 7-2 Fuel Assembly Spring L oads
Fuel Design Net Holddown Load | Net Holddown L oad
(BOL) (EOL)
(Ibs) (Ibs)

Mark-B 501 692
Mark-BW/MOX1 412 209
(minimum growth)

Mark-BW/MOX1 412 586
(maximum growth)
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Table 7-3 French MOX Qualification Program
Time
Period Item Description Purpose
1974-1986 Irradiation + PIE Investigation of MOX fuel performance- 10 contracts, 48,000 Demonstration/fuel_
EURATOM PROGRAM MWd/MTHM rod burnup performance modeling
1987-1991 Surveillance 15 fuel rods examined after 1, 2, and 3 cycles of first MOX reload | Qualification of product
program + PIE (SLBI reactor) 43,000 MWd/MTHM rod burnup and performance modeling
1987-1991 Irradiation + PIE Irradiation of MOX fuel rodsin the small CAP PWR under load | Fuel
follow condition—rod burnup = 20,000 MWd/MTHM performance/modeling
1989-1990 Analytical experiment Irradiation of aleaking MOX fuel rod in an experimental loop | Fission product behavior -
(EDITH MOX) EDF reload policy basis
1989-1992 Surveillance + PIE Fuel rods examined after three cycles, irradiated under load follow | MOX fuel performance
during third cycle—rod burnup = 43,000 MWd/MTHM under load follow
condition for qualification
1993-1994 Ramp testing + PIE Ramp testing of two and three cycle fuel rodletsat Studsvik and | Pellet clad interaction data
OSIRIS for load follow
qualification
1991-1994 Analytical experiment Out-of-pile measurements of physical properties of current MOX | Material properties
product modeling
1992-1993 Analytical experiment Experimental irradiation to get densification kinetics data Material properties
DENSIMOX modeling
1993-1995 Analytical experiment Instrumented experimental irradiation for fuel temperatureand | Fuel performance at high
GRIMOX FGR kinetics- 0 to 4,500 MWd/MTHM burnup burnup, for 1/4 core
management licensing
1990-1994 Surveillance + PIE Fourth irradiation cycle at core periphery - 7 rodsexamined (3and | Material properties
(4 Lead assemblies) 4 cycles) - rod burnup = 52,000 MWd/MTHM modeling
1996-1998 Surveillance + PIE Fourth irradiation cycle at core center - 4 rods examined - rod | Fuel performance at high
(1 Lead assembly) burnup = 53,000 MWd/MTHM burnup, for 1/4 core
management licensing
1996 Analytical experiment I nstrumented experimental irradiation of UO, and MOX fuel; | Modeling
DEFORMOX online measurement of clad deformation
1997- Surveillance + PIE First reload of second generation fuel design (MELOX fuel) | High burnup surveillance-
six cycles expected
1998-2000 Surveillance + PIE Fifth cycleirradiation of one assembly at core center -rod burnup | Fuel performance at high
expected = 61,000 MWd/MTHM burnup for ¥%core
management licensing
(UO,/MOX parity)
1987-1993 International program Examination of 15 rodsirradiated at BR3 + ramp test -rod burnup | Modeling for global rod
PRIMO = 55,000 MWdJ/MTHM behavior
1993-1998 International program Instrumented irradiation (central temperature + internal pressure) | Modeling for fuel

FIGARO

of rodlets pre-irradiated at Beznau - rod burnup = 48,000
MWdA/MTHM

temperature and FGR
kinetics

DCS No. DCS-FQ-1999-001, Rev. 2

FRA-ANP (US) No. 77-5005775-02




Fuel Qualification Plan

April 2001

Table 7-4 European Plantsusing MOX from MIMAS Process

No. Country Reactor MELOX | Cadarache | Dessel
1 Blayais1 X
2 Blayais 2 X X X
3 Dampierre 1 X X X
4 Dampierre 2 X X X
5 Dampierre 3 X
6 Dampierre 4 X
7 Tricadgtin 1 X
8 Tricagtin 2 X X
9 Tricastin 3 X X
10 Tricagin 4 X
11 France S Laurent 1 X X X
12 S Laurent 2 X X X
13 Graveines 1 X
14 Gravelines 2 X
15 Gravelines 3 X X X
16 Gravelines4 X X X
17 Chinon 1 X
18 Chinon 2 X
19 Chinon 3 X
20 Chinon 4 X
21 Bdgium Tihange 2 X
22 Dod 3 X
23 Unterweser X X
24 Grafenrhainfdd X
25 Phillipsburg 2 X X
26 Brokdorf X
27 Gundremmingen B X
28 Germany Gundremmingen C X
29 Grohnde X
30 Isar 2 X
31 Obrigheim X
32 Neckarwestheim 2 X
33 Beznau 1 X
34 Switzerland Beznau 2 X
35 Gosgen X
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Table 7-5 European MOX Burnup Experience

Country Reactors Maximum Discharge Burnups (MWd/MThm)
of Assemblies Having Completed:
Number | Type 3 Cycles 4 Cycles 5 Cycles
Framatome ANP, SSA (France) Deliveries
France 20 17x 17 40,500 46,000 55,000
(61,000 - Rod)
Begium 2 17x 17 44,000 46,500
Germany 2 16 x 16 43,000 52,000
18x 18
Framatome ANP, GmbH (formerly Siemens) Ddliveries
9 14x 14 49,000
Germany to
18x 18
3 14x 14 54,000
Switzerland and (65,000 - Rod)
15x 15
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Table 7-6 Fue Qualification Licensing Submittals
Application Submittal Format | Submittal Date | Performance Attributes Data Source
CASMO4 Duke Topica Report August 2001 MOX Fuel Reactivity, Saxton
SIMULATE3-MOX Reactor Power Distribution, FRA-ANP (Fr) Critical
Physics Parameters Experiments
EDF Core Operation Data
LOCA Evaduation FRA-ANP (US) August 2001 Decay Heat FRA-ANP (Fr) ORIGEN-S
Model Topical Report Benchmarks
RELAP/MOD2 Fuel Rod Model COPERNIC
COPERNIC FRA-ANP (US) August 2000 Thermal Conductivity French Industry Proprietary
Topical Report Thermal Model Validation Program:
GRIMOX 01
GRIMOX 02
Steady State Fission Gas FRA-ANP (Fr)/CEA/EDF
Release Proprietary Programs:
7404
7415
T158
7416
7417
7418
TACA
Transient Fission Gas International Program:
Release PRIMO
FRA-ANP (Fr)/CEA/EDF
Proprietary Programs:
7118
7131
Fuel Melting Temperature Euratom Experimental Data
(Non-Proprietary)
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Table 7-7 Sample Unirradiated Nuclear Fuel Composition

Heavy Metd Loading

Totd Uranium

235U

238U

Totd Plutonium

458.0

458.0

18.3

439.5

0.0

0.0

0.0

0.0

0.0

Mass (kg)

Reactor-Grade Weapons-Grade

MOX

458.0

424.6

11

423.5

33.0

22.2

6.9

2.6

1.0

MOX

458.0

438.0

11

436.9

20.0

18.7

1.3

0.0

0.0

Note: Any di screpancz/ i8n the total heavy meta loading is due to the presence of trace
Pu

quantities of 234U and *8pu.
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Table 7-8 Sample Unirradiated Nuclear Fuel | sotopics

| sotopic Fractions
| sotope LEU Reactor-Grade Weapons-Grade

MOX MOX
235 4.0% 0.25% 0.25%
238 96.0% 99.75% 99.75%
239py, 0.0% 67.3% 93.3%
240py, 0.0% 21.0% 6.5%
241py 0.0% 7.8% 0.1%
2420y 0.0% 3.0% 0.1%
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Table 7-9 Galliumin UO, Fuel and Components

Fuel Pellets
Unit Fud Type Pellet Nominal Date Pellet
Vendor Enrichment of Gallium
Gal0)) Manufacture Content
(Avg. 5
samples)
(Ppb)
Catawba | Mark-BW Generd 3.55% October 1990 9.8
Unit1 (A7x17) Electric
McGuire Mark-BW Semens 3.65% December 1992 115
Unit 2 (17x17)
T™MI Mark-B Semens 4.75% June 1993 9.0
(15x15)
Davis Mark-B Semens 3.79% May 1994 10.8
Besse (15x15)
Average Pdlet Gadlium Content — 10.3 ppb +/- 2.5 ppb
Fuel Components
Component Number of Samples | Average Gallium Content
Plenum Spring 9 38,200 ppb
Zircaoy-4 Cladding 6 275 ppb
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8. CONFIRMATION - LEAD ASSEMBLY PROGRAM

The fourth step on the Fudl Qudification Processis the Lead Assembly Program. Having
completed the design and supporting andyses for the Mark-BW/MOX 1 fud assembly,
lead assemblies will be fabricated, irradiated and examined asfind confirmation of the
design and fabrication processes.

As noted in Section 4.4, the number of lead assembliesis undetermined & thistime. In
order to provide quarter core symmetry, four (4) lead assemblies are preferred. However,
recognizing the possible limitations on feed WG plutonium for this program, two (2) leed
assemblies are consdered acceptable. The use of two to four lead assembliesis
consstent with previous lead assembly programs for confirmation of new designs prior to
batch deployment. The operation of the lead assembliesis confirmatory; there are no
data requirements from the lead assemblies to qualify any andytica tools or modify fuel
performance modds. The four mission reectors are of the same Westinghouse design and
utilize the same UO-, fuel for the resdent core. Therefore, operation in any one of the
mission reectors will be representative of operation in dl of the misson reactors.
Furthermore, the trangtion to batch implementation will be accomplished in phases.
Following the second cycle of lead assembly irradiation, the first production batch is
scheduled for operation in Catawba Unit 2 starting in October 2007 using a partid MOX
coreloading of only 15%. The core fraction will be increased in the second MOX batch,
with the maximum core fraction (gpproximately 40%) not reached until the insertion of

the third MOX batch. The DCS approach to MOX fud implementation — use of a
qudified fuel design, heavy reliance on European experience, use of aqueous polishing to
ensure gpplicability of the RG plutonium experience to the WG materid, confirmation
through lead assembly irradiation, and a phased implementation of batch quantities—
assures a sfe, efficient trangtion to partial MOX cores.

The Mark-BW/MOX1 lead assemblies will be fabricated with the same materids and
processes, and using the same design as the mission reactor fuel. Irradiation is planned
for Duke Power Company’s McGuire Unit 2, Cycle, 16, starting in October 2003. The
lead assemblies will operate in high power, non-limiting core locations, representetive of
the batch operating conditions. At least one of the lead assemblies will be placed in an
indrumented location. Poolsde post irradiation examinations will be performed after
eachirradiation cycle. After two cycles an accumulated burnup grester than 42,000
MWd/MThm is projected. Based on the demondtration of satisfactory fud performance
through two cycles, the misson reactor fud will be certified for batch implementation by
October 2006.

Beyond the activities required for Fud Qudification, athird cycle of irradiation will be
performed to gain information to support higher burnup operation. A hot cell
examination on salected rods from the lead assemblies will be performed at a DOE
fadility following thisthird cyde.
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8.1 Purpose

The primary purpose of the Lead Assembly Program is to confirm the
acceptability of the MOX fud design for certification of the misson reector fuel
for batch implementation. In achieving this purpose, the Lead Assembly Program
will address severd issues, induding:

a) Wegpons Grade Plutonium vs. Reactor Grade Plutonium

The fud qudification effort relies heavily on European experience that is
exclusvely with reactor grade plutonium. The Lead Assembly Program will help
to confirm that irradiation of MOX fuel from wegpons grade plutonium presents
no unique chalenges to the anaytica methodol ogies that were developed for
MOX fue from reactor grade plutonium.

b) Manufacturing Processes

The Lead Assembly Program will demonsgtrate the successful gpplication of the
MIMAS process to the weapons grade plutonium and the application of the
aqueous polishing process to reduce impurities to an acceptable level in weapons
grade plutonium.

c) TraceLevdsof Impurities

The Lead Assembly Program will help confirm that the presence of trace levels of
gdlium (<< 1 ppm) does not adversdly affect fue rod cladding integrity.

d) Fud Assambly Hardware
The performance of the Mark-BW/MOX1 fud design will be demonstrated.
e) Fud Irradiation History and Burnup

The Lead Assembly Program will demonstrate acceptable MOX fud performance
under linear hedt rate, coolant chemistry, and burnup conditions that are
characterigtic of U.S. PWR'’ s operating on 18 month fud cycles.

f) MOX Fue Assembly Neutronic Response

Measurement of neutron power in MOX fuel assemblies differs from that of UO,
fud dueto the lower therma neutron flux in the MOX fud. The Westinghouse-
design plants use a movable incore detector to indicate assembly power from
fisson chambers. The sgnd from the fisson chambers comes from a
combination of the neutron and gammaflux at the detector. The gammasignd
condtituent is much lower than the neutron Sgna in aUO; assembly and is
typicaly neglected. However, inaMOX assembly the gamma signd is a greater
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fraction of the totd signd, requiring compensation for the gamma signd input to
alow accurate assembly power measurementsin cores containing co-resident
LEU and MOX fud. The gpproach taken in European plants of asmilar design
has been to gpply a negative bias to the incore detector signa inaMOX fue
ass=mbly to account for the higher gammasignd fraction in MOX fud. Thebias
is determined based on observed power responses in partid MOX fud cores and
on known detector sengtivities to gamma and neutron fluxes. The MOX fud
incore detector sgna processing will be addressed in the CASMO-
4/SIMULATEQ3 MOX topical submittal to the NRC (Section 7.4.3). The Lead
Assembly Program will provide an opportunity to measure the WG MOX fuel
assembly power using the existing movable incore detector systemn in order to
vaidate the ahility to predict and measure accurately the core power distribution
inamixed core.

g Infrastructure

The Lead Assembly Program will provide the opportunity to exercise the required
interfaces in terms of fud trangportation, receipt, ingpection, storage, and loading
of MOX assamblies, in advance of batch deliveries.

h) NRC Approval

The Lead Assembly Program will provide the opportunity to identify and resolve
MOX technica issues wdl in advance of batch implementation. Topica reports
on the fuel design aswell as the methods topicas for fud performance and LOCA
evauations will be submitted, reviewed and approved by the NRC in support of
the lead assemblies, providing assurance for batch implementation that al
technical issues have been successfully addressed.

8.2  Design Description

The lead assembly design will be the design to be used in the misson reactors.
Onefud assambly design will be used for dl four mission reactors, as described
in Section 6.1. Three plutonium concentrations will be used within the
assemblies, asshown in Figure 7-1. Thisthree-zone design isidentical to the
gpproach used in the EDF reactors and will be used in the misson fuel design.

The lead assemblies, as well as the misson reector fud, will utilize Burnable
Poison Rod Assemblies (BPRAS), asdescribed in Section 7.1.1.9. The BPRAS
will be supplied by FRA-ANP (US) based on the specification (boron
concentration and number of active pingassembly) provided by the utility.

As described in Section 6.1 and Appendix A, the Advanced Mark-BW design
used as the basis for the Mark-BW/MOX1 design isfully quaified. The only
changes required are those associated with the MOX pellets. The MOX pellets
will be fabricated to substantialy the same specifications and with the same
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processes as the MOX pellets used in Europe, ensuring the applicability of the
extendve European database. Some differences will be necessary to account for
the higher fissile content of WG plutonium compared to RG plutonium.

8.3 Fabrication

The Lead Assembly Program will demonstrate the manufacturing processes that
will be used for the disposition of the wegpons grade plutonium. These processes
will replicate the processes used in Europe for fabrication of MOX pellets (A-
MIMAYS). Polished PUO, powder will be supplied by DOE for the lead
assemblies and will be prototypical of the powder that will be produced in the
MOX Fud Fabrication Fecility for the misson reactors. The chemica and
physica properties of this powder will be within the database of powders
routingly used in Europe, thereby ensuring consistency with the European product
and gpplicability of the European performance database.

There will be four complete assemblies fabricated at the DOE sdlected Site,
prototypica of batch production desgn and materid, to demongtrate that the
changes associated with implementation of MOX fuedl do not adversdly impact the
operability of the fue and core. The use of four fuel assemblies provides
symmetry and adequate operationa exposure, while supporting the mission
schedule.

8.3.1 Fabrication Site Sdection

Asnoted in Section 4.4 the DOE is currently evaluating options for lead
assembly fabrication. For the purposes of this qudification planitis
assumed that the schedules for completion of lead assembly fabrication are
the same as for the LANL based program.

8.3.2 Qudity Assurance Requirements

The MOX Lead Assemblies are classified as nuclear safety related; all
operations involved with the design and production of the MOX fud
pellets, fuel rods and the lead assemblies will be performed in accordance
with the latest gpproved version of the FRA-ANP (US) Quality Assurance
Program. This program isfully compliant with the requirements of
Appendix B tol0CFR50, “ QA Criteriafor Nuclear Power Plants and Fud
Reprocessing Plants,” 10CFR21, “Reporting of Defects and
Noncompliance's,” ANSI NQA-1, and 1SO-9001. The FRA-ANP (US)
QA Specification 09-1212 trand ates the requirements of 10CFR50,
Appendix B, for impostion on FRA-ANP (US) suppliers.
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8.3.2.1 Lead Assembly Design

Desgn activities for the Lead Assemblies will be conducted at
FRA-ANP (US) under the provisions of the FRA-ANP (US) QA
Program.

8.3.2.2 Pdlet Fabrication

Pellet fabrication activitieswill be performed at the fabrication
plant under the provisions of the FRA-ANP (US) QA Program.
Audits will be performed by FRA-ANP (US) QA personnel to
verify compliance. During the fabrication campaign FRA-ANP
(US) QA personnd will maintain an overview of the fabrication
plant activity.

The pellet and rod fabrication activities must also meet the
requirements of al gpplicable drawings and technica
specifications provided by FRA-ANP (US).

8.3.2.3 Lead Assembly Fabrication

The lead assembly fabrication will be conducted in compliance

with FRA-ANP (US) specifications and procedures, and with
FRA-ANP (US)’ s direct participation and overview. All

fabrication activities will be performed under the provisons of the
FRA-ANP (US) QA Program. FRA-ANP (US) will conduct audits
to verify compliance. FRA-ANP (US) will be responsible for
certifying that the lead assemblies meet the gpplicable

requirements.

8.3.3 Process Description

The MIMAS process for fabricating MOX fue for LWRs s the most
recent evolution of the fabrication processes developed by
BELGONUCLEAIRE and COGEMA to produce fud pellets
characterized by an intimate digperson of plutonium in the fuel matrix.

(See Figure 8-1 for the MIMAS process outline) The MIMAS nameis
derived from MIcronized MASter blend, akey intermediate product in the
fabrication process. The MIMAS processis currently in use at the
BELGONUCLEAIRE PO plant located at Dessdl, the COGEMA
Cadarache plant and the COGEMA MELOX plant.

This process was developed in 1984 by BEL GONUCLEAIRE to mest the
requirements for high plutonium solubility while maintaining a pellet
microstructure closer to the UO, pdlet than the MOX fud pdlesinitidly
produced by other processes. This new process aso has the benefit of
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dlowing larger recycling of scrap. To achieve these objectives, the PuO,
powder is micronized with UO, powder and sintered recycled scrapsto
form amagter blend with plutonium content in the range of 20 to 35 % of
the total mass. The successve blending and sieving steps deliver very
amall plutonium rich particles whose plutonium content never exceeds the
plutonium content of the primary blend.

This primary blend is force Seved and then mechanicdly diluted and
mixed with free flowing UO, powder to obtain the specified plutonium
content of the MOX fud. The advantage of this processisto maintain the
characterigtics associated with the use of the UO, powder while
sgnificantly reducing the heterogeneous character of the plutonium
distribution, which was observed in previous types of MOX fud.

After fina blending the fud is processed the same asin UO-, fud
fabrication by pressing the find blend into green pellets, Sntering, dry
grinding and ingpecting the pellets before loading them into rods.

The main advantages of the MIMAS process regarding fabrication quality,
flexibility and throughput are:

The micronization step which concerns only about 20% of the
powder leads to areduced Pu milling time and reduced Pu dust
production.

The adequate dilution of primary blend in aflowable UO,
powder avoids the use of any granulation after micronization.
High flexibility, due to the capability for intermediate storage
of the master blend and the ease of cross blending of powders
for isotopic homogenization.

The process alows for a high percentage of scrap recycling,
qudified and used on aroutine basis.

The types and limited numbers of equipment used provides for
minimal powder retention.

The fine digperson of primary blend in UO, is eadly obtained
by usng efficient indugtridly proven mixers which do not
affect the morphology of the UO, powders.

The early differences that existed between UO, and MOX fuels have been
dramaticaly reduced with the introduction of the MIMAS process.
However, smdl differences il exist with regard to performance in

reactor. Thefue properties and performance for MIMAS produced MOX
fud are wdll established from an extensve database that has been used for
code benchmarking and verification. By replicating the MIMAS process
for the lead assembly fabrication and MFFF production, this database will
remain vaid for the WG plutonium disposition program.
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8.34 Feaed Materid Requirements
8.3.10.1 Plutonium Feed

The plutonium oxide feed powder used in the fabrication of the
lead assembly MOX pdlets will have the same chemicd and
physica properties as the oxide powder routinely used in the
fabrication of European MOX fudl. In both casesthe oxideis
derived from the nitrate through the oxaate precipitation process.
This process provides sgnificantly better control of the PUO»
particle size, shape, and distribution compared to product obtained
by dry processng, eg. burning Pu metd to the oxide. Close
control of particle Sze and sSize didtribution is essentid in powder
production both from a manufacturing perspective and fue
performance. Following precipitation and cacination in the
temperature range of 600°C to 650°C, the PuO, powder will be
homogenized and thoroughly characterized. The chemicad and
physica properties of such PUO, must be repeatable and within the
PuO- powder specification that DCS will provide in order to be
fully consgtent with the database of powders produced in Europe.
Thus, this experience base will be gpplicable to the lead assembly
product.

8.3.10.2 Futonium Palishing

Wegpons grade plutonium may have agalium content up to 1.2%.
This gdlium has the potentia for causng manufacturing and
operaiond problems and thus must be removed by polishing down
to the ppb range in the finished MOX pellet. The specification for
the PuO, powder will limit the gdlium levels to less than 120 ppb
fallowing palishing. Thislimit will ensure that the finished pellets,
after mixing with UO, powder, will contain only trace levels of
gdlium, comparable with gdlium levelsin current UO; fud.

Other contaminating e ements may be present in the plutonium.
Polishing is expected to reduce these e ements to acceptable levels
and typical of the values observed in Pu feed materid currently
used in Europe. The fabrication facility is expected to confirm the
decontamination factors (DF) for the various e ements, including
gdlium, to ensure that acceptable levelswill be achieved by the
polishing process. DCS will support the fabrication facility for this
specific check and qudification.

DCSwill evauate the equipment presently used and the current

operating conditions to determine if the fabrication facility isble
to meet the PUO-, specification and make appropriate
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recommendations. The specification for the plutonium dioxide
powder will be established by DCS and provided to the hogt site.

8.3.10.3 Uranium Feed

The mgority of the European MOX irradiation experience is based
on the use of depleted (and some natural) UO, prepared by the
ammonium diuranate (ADU) wet route process, or by the
ammonium uranyl carbonate (AUC) wet route process. The
MELOX production and most of the European MOX fud are
based on ADU powder produced in the COGEMA TU-2 plant. A
sufficient quantity of this UO, powder will be made available by
DCSfor the Lead Assembly Program. This approach ensures
complete smilarity, from the UO, standpoint, between the lead
assembly and the European MOX experience, while avoiding any
possible effects due to differences in uranium feed characterigtics.

For the UO- supply for batch implementation at the misson
reactors the same feed materia will be used, i.e,, the powder will
be obtained by the same process as the TU2 process and with the
same specifications and controls. The UO, powder for the MFFF
will come from the COGEMA TU2 facility or from aU.S. facility
qualified for the fabrication of ADU powder with the TU2
gpecification and controls. Use of UO- powder from any other
source will be qudified in Europe with RG MOX before potentia
use in the misson reactors.

8.3.11 Mark-BW/MOX1 Quadlification and Fabrication Support

Prior to production of fuel for the lead assemblies, fuel rod and fud
assembly production processes will be tested and qualified.

8.3.11.1 Pdlet Qudification and Production

The WG MOX pellet fabrication processisidentica to that used
for RG fud fabrication. While the Pu content for lead assembly
fabrication islower than the Pu content used in European
commercid fud fabrication, the MIMAS process has been
quaified for alarge range of Pu contents. The capability of the
process using two cross blending operations will permit differences
in the isotopic compositions of the Pu feed.

The pdlet production steps include primary dosing, milling,

seving, secondary dosing, homogenizing, and pelletizing. The
dosing process takes into account the isotopic characteristics of the
components (PUO2, UO,, and scrap). The primary blend isSeved
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before dosing, secondary blending and incorporation of additives.
The secondary dosing takes into account the targeted Pu content
and isotopic characteristics of the components. Homogenization of
the secondary blend is performed just before pressing the green
pellets. The green pdlets are sintered, dry ground, sorted and
prepared for rod loading.

The process equipment provides for intermediate powder storage
to alow for cross-blending at each of the blending steps and to
take into account the different throughputs and operating modes of
each process step.  The atmosphere in the glove boxes is specified
and monitored to insure proper pdlet qudity.

The qudification of production will be performed prior to each
concentration production campaign. The lower concentration,
requiring no scrap, or only alow scrap content, is qualified and
produced first. The two other concentrations are qudified and
produced subsequently. Enough pellets are produced to support
fabrication needs and provide materia for archive rods.

Fina ingpection of the pellets will be performed to ensure that al
the dimendona and specification requirements are met.

8.3.11.2 Rod Quadlification and Production

During production the rod will be loaded with the appropriate
number of MOX fud pdlets, the column length will be verified
and the upper plenum spring and upper end plug will be inserted.
The upper end plug will then be welded to the fue rod using the
quaified parameters derived from the quaification program The
rod will be pressurized, seal welded, and decontaminated prior to
remova from the glove box. The subsequent operations will
include weld ingpection, gamma scanning, fuel column gap
scanning, helium leek checking and find cleaning and pre-
characterization of the lead assembly rods. A unique marking that
will identify the rod to the pecific plutonium loading will be used.

Congstent with standard nuclear practice, archive samples of the
product will be retained for the MOX fuel program. The purpose
of the archive rods isto provide a base line for root cause analysis
gudiesin the event of unexpected MOX fud behavior, and for
comparison of the irradiated condition with the unirradiated base
case during the hot-cdl examinations.
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8.3.11.3 Fud Assambly Quadlification and Production

Qudlification, fabrication, and characterization of the lead
assemblies will be in accordance with the standard procedures
utilized at the FRA-ANP (US) fue fabrication fecility. FRA-ANP
(US) will supply dl procedures, route cards, specifications and
ingpection plans necessary for fuel assembly fabrication. Al
equipment supplied will have been pre-qudified prior to
ingdlation at the fabrication facility and will be re-qudified after
ingalation and prior to first production use. FRA-ANP (US) will
supply trained, qudified personnd to perform these activities.

FRA-ANP (US) isresponsble for the quaification of the fuel
assembly fabrication equipment, processes and personnd. As part
of the qudification process, a pre-production fud assembly
utilizing dummy fue rods will be made to exercise and qudify the
total assembly fabrication process prior to first use of MOX fue
rods. A dummy fue assembly will dso be fabricated (at the FRA-
ANP (US) plant) and used to check out and verify fud assembly
interfaces for shipping, handling, and storage prior to first use of
the completed MOX assemblies.

The MOX fud lead assemblies will be fabricated usng sandard
UO, fud assambly fixturing, sub-components, processes, and
ingpections. FRA-ANP (US) will supply the fuel assembly
hardware to the fabrication facility for assembly fabrication. The
location of each fud rod within each lead assembly will be
recorded by rod serid number, and the location of the different
plutonium loadings will be verified and documented for each
assembly. Actud overal assembly dimensions will be recorded.
Water channd spacing measurements will be taken at every mid-
gpan devation. A find pre-characterization report will beissued to
document al relevant data of the lead assembly pellets, rods, and
assemblies. Thisinformation will be used as the pre-irradiation
basdline data for the post-irradiation examinations. The fudl
assemblies will be certified by FRA-ANP (US) to document
conformance to the specification requirements.

84  Lead Assembly Shipment

Shipment of the lead assemblies from the fabrication site to McGuire Unit 2 will
utilize the MO-1, or other approved shipping container, and Safeguards
Transporter (SGT) to be provided by DOE. Any required exemptions or
gpprovas for use of the MO-1 will be the respongibility of the DOE. Prior to use
of the shipping container for lead assembly shipment, al interfaces and settings
will be reviewed and verified for compatibility with the lead assembly
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requirements. In addition, a pre-production assembly will be used to directly
check the interfaces and settings. The MO-1 container will be shipped to the
reactor gte with the dummy fud assembly insde for receipt and fud handling
veification. This prototype test of the interfaces will precede the actua shipment
of the lead assemblies.

85 Lead Assembly Approval

The use of the Advanced Mark-BW fue assembly as the structure for the MOX
lead assemblies and the mission reactor fud will facilitate NRC approva since the
Advanced Mark-BW isfully qudified and approved. The only significant change
will bethe use of MOX fud pdlets rather than UO, pellets. The gpprova process
for the lead assemblies will include NRC submittals for the COPERNIC fue
performance code topica report addendum, Loss-of-Coolant Accident (LOCA)
evauation modd addendum, and a Mark-BW/MOX fud assembly design topicd.
Thetopica report on the Mark-BW/MOX fud assembly design will include an
gppendix to specifically address the lead assembly gpplication. These submittals
will be made to dlow approva, assuming a one-year NRC review time, at least
one year prior to ddivery of the lead assemblies to McGuire. Duke Power will
submit a specific license anendment request to alow the insertion of lead
assembliesinto McGuire Unit 2.

8.6 Irradiation Plan

The lead assemblies will be irradiated in McGuire Unit 2, Cycle 16, with three
cyclesof irradiation planned. One of the lead assemblies will be located in an
ingrumented location to verify predicted operationa neutronic performance
during the irradiation cycles. Neutronic datawill be compared to smilar data
obtained from insrumented UO, assembliesto verify core predictions.

The lead assemblies will be located in rdatively high power, nortlimiting
positions to ensure representative operating parameters for batch implementation.
Figure 8-2 presents bounding power history envelopes from the MOX fud lead
assemblies (three cycles) aswdl asfive representative MOX fud assemblies from
batch use of MOX fuel (two cycles). Thefigureisbased on prdiminary lead
assembly and batch core designs. Each curveisacomposite of dl of the fuel rods
in one assembly, and depicts the maximum power of any pin versus the maximum
burnup of any pininthat assembly. As can be seen, after two cycles of
irradiation, maximum pin burnups for lead and batch assemblies are comparable.
The lead assemblies are projected to reach amaximum fud pin burnup in excess
of 47,000 MWd/MThm in two cycles, consistent with the Proposed fud pin
burnup limit of 50,000 MWd/MThm.

While fuel qudlification activities will be completed after the second cycle of leed

assembly irradiation, athird irradiation cycle of one or more of the lead
assemblies will be performed to obtain data at higher burnup to confirm
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performance, verify margin predictions, and benchmark fuel performance models.
The maximum fud pin burnup is expected to exceed 57,000 MWdA/MThm in this
third cycle. This burnup exceeds the proposed fuel pin burnup limit of 50,000
MWd/MThm. However, these data may eventualy be used to judtify extended
burnup operation and a future increase in the burnup limit for the MOX fuel.

8.7 Fud Examinations

The pogt irrediation examinations (PIES) provide performance data to confirm the
assumptions and models used for design and andlysis of the WG MOX lead
assemblies. The evauation of the performance depends on severd tasks. These
tasks are:

Characterization of the as-built condition of the fud

Poolside PIEs

Rod Extraction and Hot Cell Examinations

Detailed Operationd History

Data Reduction and Benchmarking to Models and Other Data Sources

The following sections describe these tasks in detall.
8.7.1 Characterization of the as-built condition of the fud

All of the mgor components of the lead assembly and fud rodswill be
characterized prior to irradiation. The measured characterigtics of lead
assambly fud pdlets will be placed in a database for usein licensng and
PIE comparisons. The pdletswill be measured for grain Sze and micro
gructure features including PuO, particle size, homogeneity of PUO»
disperson, resinter test performance, diameter, length, porosity
distribution, and complete chemica impurity content. A datidticdly vaid
sample of pdletswill be examined to completely quantify the MOX pellet
attributes. Archive samples will be retained from each MOX pdllet lot.

For characterization of the lead assembly rods, a number of non-routine
ingpections will aso be included in the lead assembly ingpection seps. As
aminimum, the length of each MOX rod, the pellet active length, and the
plenum length will be measured and recorded by serid number. Samples
of in-process end plug welds and sed welds will be retained. The weight
of as-loaded pdletswill be identifiable to each rod serid number. A
unigue marking that will identify the rod to the specific plutonium loading
will be used.

Congstent with standard nuclear practice, archive samples of the product
will be retained for the MOX fud program. A minimum of onefull
archive rod of each of the three plutonium loadings and one rod
representative of each batch of MOX fud produced (approximately ten
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rods) will beretained. The purpose of the archive rodsisto provide a base
linefor root cause andyss sudies in the event of unexpected MOX fud
behavior, and for comparison of the irradiated condition with the
unirradiated base case during hot cdll examinations.

Following standard nuclear identification procedures, each lead assembly
will be specidly identified with unique serid numbers. The location of
each fud rod within each lead assembly will be recorded by serid number,
and the location of the different plutonium loadings will be verified and
documented for each assembly. Actud overdl assembly dimensons will
be recorded. Water channel spacing measurements will be taken at every
mid-gpan eevation.

All of the characterization data will be issued in afind report that
documents dl rdevant data of the lead assembly pellets, rods and
assemblies. Thisinformation will be used as the pre-irradiation basdine
datafor the post-irradiation examinations.

8.7.2 Poolsde PIE

The lead assemblies will beirradiated in McGuire 2 garting in cycle 16.
After two cycles of irradiation, the lead assemblies will reach aburnup of
approximately 40,000 MWdJ/M Thm, with a maximum projected rod
burnup of 47,000 MWd/MThm. After each cycle the assemblies will be
examined poolsde to verify acceptable performance and provide data for
later evduation. The poolside examinations will employ proven non
destructive techniques typicdly used in the examination of irradiated UO-
fuel assemblies. The scope of the poolsde examinations is expected to
includetheitemslisted in Table 8-1. This Table includes the purpose of
each ingpection and the expected result, rdative to UO, assembly
performance.

8.7.3 Rod Extraction and Hot Cdl Examinations

DCSwill extract fud rods from the lead assemblies after the third cycle of
operation. The rodswill then be shipped to a DOE host [aboratory, using
aDCS contracted rod-shipping cask vendor. The scope of work to be
performed in the hot cell is expected to include (as a minimum):

Fisson gasrelease

Fud dad metdlography
Fud pellet ceramography
Pdllet-cladding interaction
Burnup andlyss

Burnup distribution
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8.7.4 Operaiona History

Detailed operationd datawill be obtained and recorded in a database to
ad in the evduation of the lead assemblies. One of the lead assemblies
will be placed in an instrumented location to verify predicted operationd
neutronic performance during irradiation cycles. Also overdl plant
performance parameters such as power levels, temperatures, trangent
conditions and RCS chemistry will be recorded in detall. Detailed fuel rod
power histories will be generated following the completion of the fue
cycleto alow for better accuracy in comparing predicted-to-measured
performance. The detailed operationa datawill be provided in an
Appendix in the PIE report issued after each cycle.

8.7.5 Acceptance Criteria

After each fud cycle, the lead assembly operationa conditions and the
PIE measurements will be compared to specific predictions and to the
overdl UO, fud database. The measurements performed after the first
and second cycle will provide the basisfor find Certification that the Fuel
Qudification Plan has been completed and the fud isready for batch

implementation.

Lead Assembly Performance Criteriafor Batch Operation

Measurement

Criteria

Fud assembly growth

Fud assembly growth shdl not be greater than
0.41% dl/l at 44,000 MWd/MThm

Fud rod growth

Fud rod growth shdl not be grester than 0.7%
dl/l at 44,000 MWd/MThm

Fue assembly RCCA

Drag force shdl not exceed

drag force 100 Ibf in dashpot
60 Ibf above dashpot
Fud rod integrity No failed fud rodsin the lead assemblies from

MOX fue rdlated causes

Fud rod oxide thickness

Peak Oxide thickness (using moving average
over 1 inch) shdl not exceed 50 microns.

Later, after the third cycle hot cell exam a second comparison will be
performed to compare hot cdll results to specific predictions, the overdl
UO, fud database, and to both specific MOX results and the overall MOX
database. 1n addition the hot cdll results will be compared to poolside
measurements to verify poolsde measurement techniques.
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Figure81 MIMAS Flow Diagram
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Figure8-2 MOX Fuel Power Histories
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Table8-1 Lead Assembly Poolside Post Irradiation Examination

INSPECTION PURPOSE EXPECTED RESULT

Fuel assembly | Overcheck to provide confirmation Same as UO, with M5™ clad fud rods

visud of acceptable performance. and guide thimbles,

Fue rod Overcheck to provide confirmation Same as UO, with M5™ clad fudl rods.

visud of acceptable performance.

Fud rod Confirm equivadency to UO, fud Same as UO;, fud — light CRUD

CRUD rod. Address AOA issues. deposits

measurements

Fue rod Confirm acceptable margin for fud Same as UO, with M5™ clad fud rods

growth rod operation. Verify shoulder gap. and guide thimbles

(shoulder gap

closure)

Fud assambly | Confirm predictions and Same as UO, with M5™ clad fud rods

growth equivalency with UO, assembly and guide thimbles

Fud assambly | Addressincomplete RCCA Same as UO, with M5™ guide

RCCA drag insertion issue. thimbles

force

Fue rod oxide | Confirm equivadency to UO; rod. Same as UO, with M5™ clad fud rods

thickness Compare to corrosion predictions.

Fud rod Confirm predictions. Sightly higher that UO- rods due to

fisson gas dight increase in operating temperature

release

Water gaps Determine rod bow equivaence to Same as UO; with M5™ clad fuel rods

(fud rod UO; rod and FA envelope and guide thimbles

bowing)

Grid width Confirm grid growth predictions, Same as UO; with Zircadoy grids
equivaency to UO; fue assambly.

Grid oxide Confirm grid strength margins. Same as UO;, with Zircaloy spacer

thickness grids

Guidethimble | Addressincomplete RCCA Same as UO, with M5™ guide

plug gauge insertionissue. Verify digortion thimbles, dl gauges passdl grid pans,
free operation.

Guidethimble | Verify guidethimble corrosion Same as UO, with M5™ guide

oxide margins thimbles

Fue assembly | Addressincomplete RCCA Same as UO, with M5™ clad fud rods

bow and insartion issue. Verify FA growth and M5™ guide thimbles

distortion models.
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9. CERTIFICATION AND BATCH IMPLEMENTATION

Thefind step in the Fuel Qudification Process is the Certification of completion of the
Fud Qudification Plan to dlow batch implementation. This Certification will be issued
to DOE following confirmation of the fuel performance through two cycles of lead
assembly irradiation. The following sections detail the processes to be followed for the
interfaces between the Fuel Qudification effort and the production fue relaive to design
and design control, manufacturing, shipping and handling, storage, security and
safeguards.

9.1 Production Design and Processes

The fuel assembly design bassis maintained through a FRA-ANP (US) QA
controlled procedure that defines the product by way of the gpplicable drawings
and specifications. This Technical File describes the product in sufficient detall

to ensure congstency from one manufacturing campaign to another. The
Technica File for the Mark-BW/MOX1 will be transmitted by way of a Design
Interface Document to the utility using the fud, to the lead assembly fabrication
facility, and to the MFFF. In this manner, the mission resctor fue produced at the
MFFF for McGuire and Catawba will be identical to the lead assemblies.

Further, the pellet manufacturing process to be used at the MFFF, and the process
to be used at lead assembly fabrication facility, will replicate the MIMAS process
used in Europe. Maintaining the same fabrication process will ensure thet the

lead assemblies and the MFFF produced fud are prototypica of the fuel produced
in Europe, which is the source of the data used for benchmarking and verification.

9.2 Fud Design Change Control

In response to utility’s needs for continuing improvements in fud rdiability and
safety margins, fud designswill continue to evolve. Given the sgnificant time
gpan of this program, it is likely that additiond evolutionary changes will be made
to the proposed fuel and BPRA design prior to the lead assembly program or the
irradiation of reload batches. Any mgor fud assembly or BPRA changesto be
incorporated into the lead assemblies or batch fud will be qudified for UO; fud
assemblies prior to their incorporation into the MOX assemblies. Thiswill ensure
that the MOX fuel lead assemblieswill clearly demondrate the effects of MOX
fue while dso being representative of, and consstent with, the UO, fud designs
that will be avallable at the time of batch implementation.

The design change process at FRA-ANP (US) is controlled by adminigrative
procedure to ensure that dl changes are thoroughly reviewed, including review
and gpprovd by the utility customer, prior to implementation. Duke Power is
required to maintain the licenang basis for the fud per NRC Bulletin 96-02
relative to Literd Compliance. Therefore, the utility must be involved with, and
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fully cognizant of, dl fud design changes. Significant design changes require the
review of an independent Design Review Board, and may aso require NRC
review and gpprovad prior to implementation. All design changes must be
supported by appropriate andysis and testing to ensure compliance with al design
criteria

9.3 Shipping

The fresh fuel assemblieswill be shipped from the MOX Fud Fabrication Facility
(MFFF) to the mission reactor sites utilizing the new MOX Fresh Fuel Package
(MFFP) and DOE-provided Safeguards Transporter (SGT). The MFFP will be
designed and certified to interface with the Mark-BW/MOX1 fud assembly. The
design will ensure that the Mark-BW/MOX 1 assemblies are adequately secured
and supported for fud handling shock, vibration, and temperature limits for both
norma and accident conditions. Design requirements for the MFFP will be
provided through the Design Interface Document prepared under the fuel
qudification effort.

9.4 Handling and Storage

The European experience with RG MOX fud indicates that specid fud handling
and storage precautions are required relative to UO, fuel with respect to heet load
and radiologicd issues. However, the WG materid is expected to require no
gpecid handling congiderations due to the different isotopic makeup of the WG
plutonium. New fud from RG plutonium will have a Sgnificantly larger
concentration of 2*°Pu (24%) than the WG material (<6%) and will contain
significant concentrations of “*®Pu, 2**Pu, 2*2Pu, and ***Am, whereasthe WG
materid will have less than .5% of theseisotopes. The WG materid with itslow
concentrations of 2*°Pu and 2**Am is not expected to require specid shielding
once the pellets are loaded into the cladding and the rods are seded.

In addition to the shidding consderations, fresh MOX fud will generate heat that
must be removed to meet temperature limits for the fud. Fresh MOX fue from
RG materid produces severa hundred watts; due to the different isotopic makeup
of the WG materid, the projected heet load of the mission reactor fud isonly
about one-fifth that of the RG fud.

FRA-ANP (US) supplies the utility customers for UO, fud with documentation of
fud handling recommendations, limits and precautions. This documentation will

be supplied to Duke Power for the Mark-BW/MOX 1, for both the lead assemblies
and the mission reactor fuel. Sections of the document will ded specificaly with
radiation protection and shielding requirements, and with specid handling and
storage requirements due to the resdua heat production of the fresh MOX fud.

It is expected that no specid requirements will be imposed for the Mark-
BW/MOX1 and will be comparable to UO- fud.
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Based on the design parameters discussed above, a Mark-BW/MOX1 fue
assembly may be handled and stored in the following manner:

Upon initid receipt at the Ste, avisud examination of the assembly will be
performed. This examination is planned to be performed without the use of
video cameras. If fuel assembly documentation indicates there are additiona
radiologica concerns associated with the receipt ingpection, site radiologica
protection personnd will determine additional measures to take.

Following the visua examination, the misson reector fued will be stored in

the spent fuel pool, an areawithin the Fud Building, which is cdlassfied asa
Vital Area. The misson reaector fue will remain in Sorage within this Vita
Areauntil it is trandferred into the Reactor Building for use in the reactor core.
The Reactor Building and fud trandfer path are aso classfied as Vitd Aress,
thereby providing the same level of security asthe Fue Building.

9.5 Security and Safeguards

The mission reactor fud will be fabricated in DOE facilities. All security and
safeguards during fabrication will be provided by the DOE. Shipping of fresh
fud will be the responsibility of DOE using Safeguards Transporters (SGT) with
fresh fud packaging supplied by the DCS team.

After arrivd a the misson reactor Ste, responghility for security will be
transferred to the utility upon acceptance of the shipment by utility personnd.
DOE supplied security for the shipment (convoy escorts) will remain on site until
respongbility for the fud istransferred to the utility. The SGT operators will
remain with the shipment until the containers are offloaded in the fud receiving
area. The fresh fud will be stored in the spent fudl poal prior to loading into the
reactor where it will be inaccessible.

An appropriate leve of security will be provided during the fud receipt/unioading
process and during the time the fud isin the spent fud pool. Specific security
measures will be developed by Duke Power as part of the reactor licensaing
process lead assembly irradiation and batch implementation. This processwill be
described in more detail in the Mission Reactor Licensang Plan to be submitted to
DOE. These additional security measures will address personnel access controls
to the storage area, as well as the capahiilities for detection, assessment, and
security force response to unauthorized access attempts.  Specific details of the
Security & Safeguards program eements will aso be documented in the

fadlities Security Plan.

The U.S/Russa Agreement on Plutonium Disposition specifies that safeguards
requirements will be negotiated between the two countries. These negotiations
are not yet complete. While it is expected that some form of international
[Internationa Atomic Energy Agency (IAEA)] or bilatera safeguards
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requirements will be implemented at the two mission reactor Stes, the specific
safeguards requirements, and the programmatic and procedural changes necessary
to meet these requirements, are not known & thistime.
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10. CONCLUSION

This Fud Qudification Plan hasimplemented the overdl qudification Strategy by
providing adescription of the step-by-step process to be used by the DCS team to design,
license, confirm, and implement WG MOX fud in the mission reactors.

10.1 Action Plan

Following are the Sgnificant tasks to be performed in implementing the Fue

Qudification Plan, with the projected completion date:

Action Completion Date

Complete MOX Pellet Specification February 2000*
Complete MOX Fued Rod Design February 2000*
Submit COPERNIC MOX Addendum August 2000*
Submit new Appendix to Duke Power Therma-Hydraulic

Satigica Core Design Methodology to NRC Jduly 2001
Submit LOCA EM MOX Addendum August 2001
Submit RELAP/MOD2 Revison August 2001
Submit Duke CASMO4/SIMULATE-3 MOX August 2001
Submit MOX Fud Design Topica August 2001
Submit Duke Power License Amendment Request

with Lead Assembly Addendum August 2001
Release Design Interface Document Jduly 2002
Perform Find Design Review July 2002
Submit Duke Power Safety Analyss Methodol ogy

for MOX Fud Core Topica April 2003
Complete lead assembly pellet fabrication March 2003
Complete lead assembly certification July 2003
Complete lead assembly shipment August 2003
Start lead assembly irradiation October 2003
Complete 1% cydeirradiation March 2005
Perform 1% cycle poolside PIE March 2005
Start lead assembly 2" cycleirradiation April 2005
Complete 2" cycleirradiation September 2006
Perform 2" cycle poolside PIE September 2006

*complete

In addition to the activities required for Certification, the following tasks will be
performed in support of mode upgrades and potentia improvement in burnup

limits
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Start lead assembly 39 cycleirradiation October 2006
Complete 3% cydleirradiation March 2008
Perform 3" cycle poolside PIE March 2008
Rod extraction and shipment to hot cell November 2009
Complete hot cdl examinations November 2010

10.2 Certification of Fud Qualification

Certification of completion of the Fuel Qualification Plan will be issued to DOE
upon completion of the second cycle PIE on the lead assemblies and andlysis of
the results confirming predicted performance,

Certification for Batch Implementation October 2006
In the unlikely event that the PIE at the end of the first or second cycles of
irradiation fails to confirm the gpplicability of the European RG experience or

indicates any anomalous behavior, the Certification for Batch Implementation will
be ddlayed until dl technicad issues are resolved.
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Appendix A QUALIFIED FUEL DESIGN

The MOX programwill utilize FRA-ANP (US)'s Advanced Mark-BW, afully qudified
fud assembly design that will dlow the quaification program to focus on the MOX fud
implementation.

A.1  Design Description

The Advanced Mark-BW fud assembly, shown in Figure A-1, isa17x17,
standard |attice fud assembly specificaly designed for Westinghouse-design
reactors. All four mission reactors utilize the 17x17 product. The Advanced
Mark-BW adaptation for MOX application, the Mark-BW/MOX1, is
dimensondly and ructurdly identica to the Advanced Mark-BW with the only
change gppearing in the fud rod internal design. The Advanced Mark-BW and
Mark-BW/MOX1 include the following base features:

Sesated fuel rods

Foating intermediate spacer grids
Keyable spacer grids

Removable top nozzle

High thermd performance spacer grids
TRAPPER™ bottom nozzle

M5™ dloy fud rod dadding

A.1.1 Advanced Mark-BW Structure

The structura cage of the Advanced Mark-BW and Mark-BW/MOX 1
designs consists of twenty-four (24) M5™ control rod guide thimbles
attached to an upper and lower nozzle, and a center location in the array
reserved for ingrumentation. The lower Inconel end grid is mechanically
attached to the guide thimble lower end plug; the end plug is threaded and
bolted to the lower nozzle. The upper Inconel end grid is restrained by
twenty-four (24) deeves welded to the grid. These deeves surround the
guide thimbles and react againgt the lower surface of the upper nozzle. Six
(6) Zircaloy intermediate grids create the 17x17 lattice array; these grids
arenot rigidly attached to the guide thimbles, but remain free to move
upward with the fuel rods as the rods grow dueto irrediation. Excessve
movement of the grids under hydraulic loading is controlled by eight (8)
ferrules attached to selected guide thimbles, plus the instrument tube, at
each grid devation. This design feature reduces the compressive stresses
in the guide thimbles thereby reducing guide thimble ditortion that can
affect control rod insertion.

The end grids and intermediiate grids utilize a keying festure that
compresses the contacting spring during fuel rod insertion at the time of
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manufacturing. This keying action alows fuel rods to be inserted without
excessve loading and without scratching.

The guide thimbles have two diameters — a larger diameter at the top
provides ardatively large annular clearance that permits rapid insertion of
the rod cluster control assembly (RCCA) during areactor trip and
accommodates coolant flow during norma operation. The reduced
diameter section, the dashpot, located at the lower end of the guide
thimble, provides ardatively closefit with the RCCA rodlets to decderate
the RCCA near the end of itstravel. The decderation limits the impact
loads on the top nozzle. Four (4) smdl holes located just above the
dashpot alow both outflow of water during RCCA insertion and coolant
flow into the tube during norma operation to cool the control component.
A smdl hole in the guide thimble bolt provides aflow path for the lower
section of the guide thimble.

A.1.2 Spacer Grids

The primary festures of the Mark-BW/MOX1 spacer grids areillustrated
in Figure A-2. At each fuel rod location a combination of springs
(softstops) and dimples (hardstops) acting in two orthogona planes
support each rod. All spring and dimple edges are bent inward to resist
scratching of fue rods during loading. Tight control of dimple and spring
helghts ensures a congtant, uniform rod pitch and fud rod restraint load.
Each guide and ingtrumentation thimble cell features saddles and scallops
to facilitate loading and support of the thimbles. A laser weld performed
at each grip intersection on both faces of the assembled grid securesthe
drips. To ensure high quaity and consstency, robotic equipment is used
to laser weld the strip end tabs. Grid strip height and thickness are
optimized to meet crush and impact strength, pressure drop and
dimensiond requirements.

Mixing vanes are incorporated on the trailing edges of five (5)
intermediate grids used in the high heet flux region of the core. The vanes
improve the heet transfer characterigtics of the grid/assembly. The lowest
intermediate grid does not have vanes to reduce the overdl fuel assembly
hydraulic resistance.

A.1.3 Mid-Span Mixing Grids

Mid-Span Mixing Grids (MSMG'’s) are non-structural components
inddled a the mid-span between the top four intermediate vaned grids to
promote improved hegt transfer. The MSMG is an optional component on
the base Mark-BW and is currently operating on four Lead Test
Assembliesa North Anna. For hydraulic compatibility with the resdent
fudl design in operation at the time of insartion, the MSMG' s are expected
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to be incorporated on the Mark-BW/MOX1 to be used a the McGuire and
Catawba reactors of Duke Power.

The primary feetures of the MSMG are shown in Figure A-3. Stops
formed in each of the four cdl wadls prevent the fuel rods from contacting
the mixing vanes but impose no grip force (dip load) onto therods. The
outer strips incorporate awrap-around corner design to improve the corner
handling interface. To minimize the effect of the MSMG on pressure drop
the grids are made from gtrips that are thinner than the standard strips;

aso, the grid height isless than the intermediate grid. The overal

envelope dimensions of the MSMG are reduced to diminate grid
interaction with adjacent fuel assemblies during trangtion fud cycles.

The mixing vanes on the MSMG are the same design and pattern utilized
on the Mark-BW intermediate spacer grid. The MSMG's are attached to
the guide thimbles by restraint deevesthat are welded to the top of the
grid straps. These restraint deeves are then mechanicaly attached to
sdlected guide thimbles by dimpling.

A.1.4 NozzleDesgn

The Mark-BW/MOX1 fuel assembly utilizes the same removable top
nozzle (Figure A-4) found on the Mark-BW fud assembly to facilitate rod
remova and recondtitution, if necessary. The design incorporates a
threaded nut with a deformable locking cup. The top nozzle contains four
sets of leaf springs (four leaves per set for MSMG applications, three
leaves per set for non-MSM G gpplications) made of precipitation
hardened Incond 718 dloy fastened to the nozzle with preloaded Inconel
718 bolts. The upper leaf has an extended tongue that engages a cutout in
the top plate of the nozzle to ensure oring leef retention in the unlikely
event of agoring failure. There have been no spring falluresin aMark-
BW assembly.

The bottom nozzle design (Figure A-5) incorporates a fine mesh filter
plate concept to achieve a high level of debrisresistance. The Trapper™
design has adainless sted structurd frame of deep ribs connecting the
guide thimble locations, with conventiond legs for interface with the
reactor internds. The frame distributes the primary |oads on the fudl
assembly through the bottom nozzle. A high strength A286 dloy filter
plate is attached to the top of the frame by pinswelded at the four corners.
Thefilter plate is 0.118 inch thick with a mesh of gpproximately 9000
holes 0.055 inch square.

During bundle assembly the fuel rods are placed in contact with, or

‘seated’ on, the bottom nozzle. Seated fuel rods provide a direct load path
to the bottom nozzle which alows the mgority of the fud assembly
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weight and holddown loads to be distributed across the surface of the
bottom nozzle by the fudl rods instead of being carried through the
assembly structure. This feature aso produces alower component
pressure drop and provides more predictable, linear fuel assembly growth.

A.15 Fud Rod Design

The fud rod desgn, shown in Figure A-6, conssts of UO»-PuO, (MOX)
fuel pellets contained in a seamless M5™ dloy tube with end plugs
welded at each end. The design utilizes a 144.0 inch stack length made up
of 95% theoreticd densty MOX fud pdlets. Thefud pdlets have a
length of 0.4 inch and a diameter of 0.3225 inch. Thefue rod cladding
has a0.374 inch outside diameter and 0.0225 inch wall thickness. This
configuration leaves asmal (gpproximately 0.003 inch radia) clearance
between the indde diameter of the cladding and the outside surface of the
pellets. Therod utilizes one stainless sted pring in the upper plenum to
prevent the formation of fud stack gaps during shipping and handling,
while dso dlowing for the expansion of the fuel stack during operation.
The fud stack rests on the lower end plug, which has a taper to provide a
smooth flow trangtion in addition to facilitating reinsertion of the rods

into the assembly if any rods are removed dfter the fuel has been
irradiated. The upper end plug has a grip-able top hat shape; in
conjunction with the removable top nozzle, this grip-able fud rod end plug
dlows for easy remova of fuel rods following irradiation. This fegture
has been proven through irradiated rod remova operations a the misson
reectors in support of fuel examinations and failed rod replacement. A
hole in the upper end plug permits evacuation and back-filling of the fud
rod with high pressure helium gas prior to seding.

The fud pellets are a sintered ceramic of 95% Theoretica Dendty (TD)
UO,-PuO,. The peletsare cylindricaly shaped with a sphericd dish at
each end. The corners of the pellet have an outward land taper (chamfer)
that eases the loading of the pelletsinto the cladding. The dish and taper
geometry aso reduces the tendency for the pelletsto assume an
‘hourglass shape during operation.

A.1.6 Fue Rod Cladding

The Mark-BW/MOX1 fud rod design utilizes an advanced, corrosion
resistant, zirconium-niobium aloy (M5™) for fud rod cladding. M5™
cladding has demongtrated significant margins for corrosion, clad creep,
hydriding, and growth. Corrosion performance, compared to that of
Zircaloy-4, is shown in Figure A-7. The improved cladding performance
will provide more margin for the fud cycle designers and will contribute
to resolution of potential RIA concerns. Experience with M5™ cladding
worldwideis shown in Table A-2.
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A.17 BPRA Dedgn

The 17x17 BPRA (Figure A-8) conssts of an arrangement of poison rods
and thimble plugs suspended from aflat plate and held in place by a
spring-loaded holddown assembly. The holddown assembly fits within

the fuel assembly upper nozzle and rests on the adapter plate. To ensure
that the cluster remains seated in the fuel assembly during operation, the
holddown springs are compressed by the upper core plate, thereby
providing a downward force in excess of the hydraulic lift forces from the
coolant. The holddown assembly is made of 304 gainless stedl, and the
holddown springs are Incondl 718.

The burnable poison rod design contains a 132 inch long absorber stack of
variable weight % Al,O3-B4C pellets. The pellets are encased in cold-
worked, stress relieved annealed Zircal oy-4 cladding with Zircaoy-4 end
plugs welded to each end. The upper end plug provides a threaded
attachment to the holddown assembly plate, and a bullet nose lower end
plug provides lead-in guidance for therods. A stainless sted soring,
located in the plenum above the poison column, prevents gross movement
of the pdlet column during shipping and handling. Prior to the find sedl
weld, each rod is pressurized with helium to reduce the pressure
differential across the clad wall during operation.

The pdlets conss of a uniform sintered dispersion of boron carbide (B4C)
in an dumina (Al,O3) matrix. The boron-10 concentrations are adjusted
by varying the boron carbide content of the pellets.

Asnoted in Section 7.1.1.9 this BPRA design isfully qudified and has
successfully operated in dl four mission reactors.

A.2  Qualification Testing

The base design for the Mark-BW/MOX1 is fully qudified for UO- applications.
The qudification of the design included lead test assembly irradiations and
extensve out of reactor testing. These tests are fully gpplicable to the MOX
verson of the design; no changesto the externa dimensions or interfaces will be
made in accommodating the MOX pellets.

The out of reactor testing performed to support quaification of the Mark-BW
include prototype mechanica tests as well as full scale prototype tests at full
reactor operating conditions. Table A-1 contains a summary of the testing
performed in support of the Mark-BW qudification. Thistesting isdirectly
gpplicable to the Mark-BW/MOX 1 design; no changes are being made that will
affect the vdidity of these tests.
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Thetesting included a full scde Mark-BW prototype that was subjected to a
series of thermd/hydraulic, environmenta and mechanica characterization tests
in asngle bundle, high temperature pressurized loop. The assembly was
characterized by pressure drop and spacer grid laser Doppler velocimeter (LDV)
teds. The environmentd, or life-and-wear, tests conssted of exposing the fuel
assembly to representative reactor conditions of temperature, pressure and flow
for two 500 hour periods. The fuel assembly exhibited no significant corrosion or
wear. Control rod trip testing was aso performed as part of the test sequence.
Subsequent in reactor testing and operation have confirmed the excellent
operationa performance of the Mark-BW design.

A second full-scale prototype test was conducted in atwo-assembly flow loop to
eva uate the flow-induced-vibration (FIV) performance in ahigh crossflow
configuration. Mark-BW prototypes, with and without MSMG’ swere tested in
adjacent pogitions to smulate the worst case hydraulic mismatch encountered in
trangition cores. Testing demonstrated excellent performance; operationa
performance has confirmed this result.

A.3 Operating Experience
The Mark-BW operating and burnup experience is summarized in Figure 7-2.
A.3.1 Totd Experience Base

For Westinghouse-designed reactors, FRA-ANP (US) began delivery of
fuel assembliesin 1987 to Duke Power Company’s McGuire Nuclear
Station. Currently the base Mark-BW fud assembly is operating in the
U.S. in 9x Westinghouse-designed reactors. Duke Power Company’s
Catawba Units 1 and 2, and McGuire Units 1 and 2; and TVA’s Sequoyah
Units 1 and 2. Four lead test assemblies of the Advanced Mark-BW, with
MSMGs and M5™ cladding and guide thimbles, are currently in operation
a a saventh plant, Virginia Power’s North Anna Power Station. An eighth
plant, Portland Generd Electric’s Trojan Plant, aso operated with FRA-
ANP (US) fud. Asof August 1999, FRA-ANP (US) has supplied nearly
2,300 fuel assemblies to the 17x17 reactors.

A.3.2 Operationa Experiencein Misson Reactors
The base Mark-BW design is currently in operation in al four of the
mission reactors. Since 1991, FRA-ANP (US) has delivered 25 batches of
Mark-BW fuel to Duke Power’s four units at McGuire and Catawba.

A.4  Compatibility

Compatibility issues are discussed with respect to the Mark-BW/MOX1
assembly.
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A.4.1 Mechanicd Compatibility

The Mark-BW/MOX1 fud assembly will be fully compatibility with the
current mission reactor mechanicd interfaces, including:

Compatibility with core internas
Competibility with control components
Compatibility with resident fud
Shipping and handling competibility

Anayseswill be performed to demonstrate compatibility of the Mark-
BW/MOX1 design with the resdent fud to bein core a the time of the
lead assembly irradiation & McGuire and the batch implementation at al
of the mission reactors.

FRA-ANP (US)’s successful reload trangition experience also
demondtrates the ability to assure full compatibility of the Mark-
BW/MOX1 assembly. This experience includes the successful supply and
operation of 12 LTAs and 23 batches of fuel to eight different reactors,
totaling over 2300 Mark-BW fue assemblies.

Additiond confirmetion of compatibility with shipping and handling
interfaces will be obtained through the fabrication, shipment, and delivery
of aMark-BW/MOX1 dummy assembly from the lead assembly
fabrication dte to McGuire Unit 2, as part of the trid run of these
interfaces.

A.4.2 Therma-Hydraulic Compatibility

The Mark-BW fud assembly, on which the Mark-BW/MOX1 is based,
was designed specificadly for mechanica and therma- hydraulic
compatibility with both the Westinghouse LOPAR and OFA fuel desgns,
which aso ensures compatibility with the VANTAGE-5 and
PERFORMANCE+ designs. Experience with lead test assemblies a
North Anna has aso demonstrated compatibility with the Westinghouse
VANTAGE-5H desgn. Thus, the compatibility evauations previoudy
performed for the Mark-BW design will be applicable to the Mark-
BW/MOX 1 design relative to the Westinghouse fudl designs projected to
be in operation as the resdent fuel in the misson reactors.
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Figure A-1 Mark-BW/MOX1 Fuel Assembly
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Figure A-2 Mark-BW/MOX1 Zircaloy Intermediate Spacer Grid
Features
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Figure A-3 Mark-BW/MOX1 Mid-Span Mixing Grid Features
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Figure A-4 Mark-BW/MOX1 Upper Nozzle
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Figure A-5 Mark-BW/MOX1 Lower Nozzle
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Figure A-6 Mark-BW/M OX1 Fuel Rod Design
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Figure A-7 Cladding Corrosion
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Figure A-8 BPRA Design
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Table A-1 Mark-BW Qualification Testing

TEST

INFORMATION OBTAINED

FA Prototype Static Axial Compression Test

“FA axid Sitiness under compression
- FA stability

- GT load digtribution

- GT stresses

FA Prototype Static Lateral Bending Test

- FA laterd stiffness
- GT stresses

FA Prototype Natural Frequency & Mode Shape
Test
("Shaker")

- FA firgt six natural frequencies and mode shapes
- FA damping

FA Prototype Lateral Pluck W/O Impact Test

- FA frequency and damping versus displacement
amplitude

FA Prototype Lateral Pluck w/ Impact Test

- FA Spacer Grid internd stiffness and damping
- FA Spacer Grid impact force versus displacement

FA Prototype Axia Drop Test

- FA impact force versus displacement
- FA impact force versus impact velocity
- GT stresses

FA Prototype Axid Tension Test

- FA axia stiffness under tension
- GT load digtribution
- GT stresses

FA Spacer Grid Static Crush Test

- SG static crush load to cause failure
- SG dadtic spring rate

- SG failure mode

- SG crush and recovery height

FA Spacer Grid Dynamic Crush Test

- SG dynamic crush load to cause fallure
- SG damping
- SG post-buckling behavior

FA HD Spring Compression Test

- HD Spring load/deflection characteristic
- Max. HD Spring deflection
- Max./Min. HD loads

FA DP Test

- FA Pressure Drop

FA Prototype Life and Wear Test

- FA 1000 Hour Endurance - Corrosion & Wear
- RCCA Drop Times
- Endurance under RCCA Stepping/Stroking

FA Flow-Induced Vibration Test

- How-induced behavior of prototype X1 and Mark
BW fuel assemblies

Bottom Nozzle Tests

- Bottom Nozzle Pressure Drop
- Bottom Nozzle Débris Filtering Effectiveness
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Table A-2 Summary of M5™ Irradiation Experience

Location | Array No. Core Burnup Tinet | Toutlet Max Max
of Average | Achieved Coolant Heat
Plants | Linear MW | °F | °F) | Temp FAux
Power MTU) CP | (Wen?)
(Wrcm)
EUROPE | 17x17 7 170-186 63,000 549- | 612- 630.5 78
552 | 615
USA 17x17 2 178 40,000 558 | 622 | 636.8 78
EUROPE | 14x14 1 220 50,000 545 601 615 84
EUROPE | 15x15 1 238 1¥ Cyde | 543 | 612 - -
USA 15x15 1 190 13,000 556 | 606 - -
EUROPE | 16x16 4 207-211 | 42,000 556 | 622 | 649.6 91
EUROPE | 18x18 2 166 48,000 556 | 621 | 646.3 82

Number of M5™ rods irradiated — 10,000
Number of utilities— 10

Maximum burnup achieved — 63,000 MWd/MTU
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AppendixB  DOMESTIC MOX EXPERIENCE

Prior to the U.S. policy decison in 1977 to defer indefinitely the commercid

reprocessing and recycling of plutonium there were anumber of developmenta programs
completed that demonstrated the technical feasibility of MOX fud. However, only
minima PWR demondration irradiations were completed, and no batch experience was
obtained. Thus, the MOX experience available from U.S. programsis limited rdative to
the data available from Europe.

Following is summary of the domestic programs, most performed prior to the decision to
defer plutonium reprocessing in the U.S. Additiond information is available in Reference
25, Chapter 3. Also included isthe current Idaho Nationad Engineering and
Environmental Laboratory (INEEL) Advanced Test Reactor (ATR) test of MOX
representative of WG plutonium. Except for this INEEL test, the limited domestic
informeation forces reliance on the European experience.

B.1 Saxton

The Saxton Plutonium project produced the first information on the basic
characterigics of MOX fue inthe mid-1960's. Nine MOX assembliesin the core
consgting of atotd of 21 fud assemblies produced irradiated fuel rods for hot

cdl examination. The isotopic composition of the MOX fuel was representetive

of the fuel to be made from WG plutonium and irrediated in the mission reactors.
Pdllet restructuring was found to be limited, PCl was not evident and

dengfication of the MOX fuel occurred during irradiation as expected. The
overdl performance of the MOX fuel in Saxton was Smilar to UO- fuel and was
satisfactory.

B.2 Commercial LWR Irradiations

Commercid reactor irradiations were conducted at Dresden, Quad Cities, San
Onofre, and Big Rock Point under a program sponsored by the Electric Power
Research Inditute (EPRI) and fud vendors. Post irradiation examinations
concluded that MOX fud performance was smilar to UO-, fud performancein
commercial LWR’'s. The differences noted between MOX and UO- consisted of
the reactivity effects, including reactivity control, and decay hegt. In addition,
four (4) MOX assemblieswere irradiated at RGE' s Ginna reactor to a burnup of
40,000 MWdJ/MThm, with no fallures.

It should be noted that the U.S. commerciad MOX fud irradiation programs
tended to use high fissle content plutonium that was made available by the
Atomic Energy Commission. For example, the Ginnafue was reported to be
approximately 83% fissle plutonium, and the San Onofre MOX was 86% fissle
plutonium.
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B.3 GETR Tests

Studies of pelet dengfication behavior of MOX fuel were conducted in an EPRI
sponsored program, with irradiation in the General Electric Test Reactor (GETR).
It was determined that MOX fud shows similar dengfication behavior to UO,
fud, and the presence of up to 6 wt% plutonium and particle szes up to 500
microns did not affect the physical behavior of the fudl.

B.4 INEEL ATR Tests

MOX fud irradiation experiments are currently being conducted in the Advanced
Test Reector (ATR) at the Idaho Nationd Engineering and Environmental
Laboratory (INEEL). Thesetestsarethefirst irradiation of MOX fuel derived
from actua weapons grade plutonium. The tests and the test hardware were
designed by the staff at Oak Ridge Nationa Laboratory (ORNL), where the post
irradiation examinations are in progress. The MOX fud pdlletsfor the tests were
fabricated by Los Alamos National Laboratory (LANL).

The Average Power Test (APT) began irradiation in January 1998 with two types
of MOX fud: thefirgt fud type was untreated rdlative to impurities and contained
agdlium concentration of 3.0 parts per million (ppm) in the as-fabricated pdlet;
the second fud type was thermally trested to reduce the impurities and contained
gdlium &t the 1.3 ppm level in the finished pdllet. Both fue types contain

gdlium at 9gnificantly higher levels than the proposed mission reactor fuel. The
mission reactor fue will utilize agueous polishing which is expected to reduce
galium concentrations to less than 120 parts per hillion (ppb) in the feed
plutonium powder.

The test rods have operated up to 29,640 MWdA/MThm at heet rates of 5-10 kW/ft.
The burnups are projected to reach 50,000 MWd/M Thm during future irradiation
cycdes. The post irradiation examinations are aimed at determining the effects of
gdlium from the WG plutonium on fud rod performance. Capsules have been
withdrawn from the reactor at 8,360, 21,000, and 29,640 MWd/MThm for
examination. To date, performance of the test capsules has been good with no
anomalous effects.
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Appendix C
WORLDWIDE MOX EXPERIENCE

Internationa andytical programs to evauate performance of MOX fud relative to that of
UO2 fuds have been carried out over aperiod of 35 years. These programs are ongoing
and are providing the data necessary to compare MOX fud performance with UO, to
develop specific models for MOX fud performance, and to verify code performance.
Additiond information is available in Reference 25, Chapter 4.

C.1 Canada

Research and development activities on Pu-containing fuel have been conducted
by Atomic Energy of Canada Limited (AECL) at its Chalk River Laboratories
(CRL) ste since 1960, and they remain a strategic part of AECL’ s advanced fuel

cycle program.

Severd fabrication campaigns have been conducted in the Recycle Fud
Fabrication Laboratories (RFFL), producing various types of MOX fuel that were
used for both irradiation and physicstesting. Recently, CANDU fud bundles
containing 0.5 wt% plutonium in natura uranium were successfully irrediated in

the NRU reactor at powers up to 650 W/cm and to burnups ranging from 13,000
to 23,000 MWd/MThm. Two of the bundles had power histories that bound the
norma powers and burnups of natura UO, CANDU fud. These bundles
exhibited sheeth strain and fisson gas release typicd of those observed in

amilarly operated UO-, fud. Burnup extension above 15,000 MWd/MThm had
only asmall effect on fisson gasrelease. (Reference 18)

C.2 Germany

In Germany, two sets of test irradiation programsin support of thermal MOX

were peformed. Thefirg, inthe 1970's, utilized MOX fud fabricated usng a
process which resulted in poor homogeneity giving rise to solubility problems.

The second set of test irradiations, carried out during the 1980s and early 1990s,
concentrated on the irradiation verification of modern MOX fabricated using the
Optimized CO-Milling (OCOM) process (Reference 19). These two programs are
summarized in Table C-1.

Theinitid test of the second program utilized 15 segmented long fuel rods with 7
short rods. Rodswereirradiated up to 4 cycles. The short rods were axidly
reduced rods modified in length to match the therma flux field of the High Hux
Reactor (RFR) pool facility a Petten and thus alowing Smultaneous power
increase of thewholerod. Intota, 12 short rods with modern MOX fue have
been transent tested. MOX fud manufactured using both the OCOM and
Ammonium Uranyl- Plutonyl Carbonate (AUPUC) processes have also been
included in this program. The tests have shown that despite different powder
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properties, the results were comparable due to the fact that the two manufacturing
processes were optimized with respect to Pu homogeneity. In addition to the
segmented rods, demondtration fud assemblies were manufactured and
extensvely characterized beforeirradiation. Included in one of these assemblies
was some experimenta fuel containing a reduced Pu content of 15% in the
agglomerates. Thisfue wasirradiated to aloca burnup of 45,000 MWd/MThm
and was designed to study the influence of Pu homogeneity on irradiation
behavior (Reference 20).

C.3 Japan

The Japan Nuclear Cycle Development Ingtitute (JNC) has developed MOX fue
for therma reactors over more than 30 years. Asa part of this development, INC
conducted various irradiation tests of MOX fudsin therma reactors such as
‘Fugen’ and Haden HBWR (Reference 21). See Table C-2 for asummary of
these programs.

MOX fud properties such asfisson gas and hdium release, microstructure,
dengfication and swelling were thoroughly monitored up to high burnup. These
data were useful for the development of the MOX fuel performance code
FEMAXI-ATR.

A series of power ramp tests on Fugen MOX fudl segments exposed up to 22,000
MWd/MThm reveded afailure threshold higher than that reported for UO, BWR
fuel. Fugen MOX fuel rods were aso subjected to power cyding irradiation
smulating adaily load follow operation. In the tests PCI was induced by the
power cycling. However, diameter measurement and fuel insdrumentation
confirmed that cladding deformation by PCI was immediady relaxed and that
there was no mechanical effect due to repeated power changes.

C.4 Norway (Halden)

The OECD Haden Reactor Project (HRP) has defined an extensive experimental
program related to MOX fuelsthat is being executed with the objective of
providing a performance base smilar to that available for UO; fud (Reference
22).

In addition to utilizing fresh MOX fud and re-indrumented segments from LWR
irradiations to high burnup, the concept of inert matrix fud is being addressed.
Theirradiaion in the Halden reactor is performed in rigs dlowing steady dtete,
power ramping and cyclic operation. In-pile data are obtained from
instrumentation such asfuel centerline thermocouples, pressure transducers, fue
and cladding elongation detectors, and movable gauges for measuring the
diametra deformation.

The scope of the overdl joint program for MOX testing includes:
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Collect dataon basic therma performance from low to high burnup,
including assessments of changes in conductivity.

Assess fission gas release and release kinetics.

Derive information on fuel swelling and dengfication through
evauation of temperature data and pressure changes as a function of
burnup.

Obtain data on PCl behavior and fuel relaxation capabilities.
Explore the rod over-pressure/clad lift-off effect for high burnup fud.
Produce high burnup (>65,000 MWd/M Thm) MOX fud through
continued irradiation in the Halden reactor under PWR conditions and
provide performance data (temperature, fission gas release, PCI) for
this burnup.

Assess the in-core behavior of fud where plutoniumis carried in an
inert matrix, thus avoiding the generation of new Pu and dlowing a
more complete burning.

C.5 United Kingdom

BNFL is currently involved in anumber of in-pile irradiation programs of Short
Binderless Route (SBR) process MOX fud that includes both PWR and BWR
designs (References 23 and 24). These tests incorporate a large amount of in-pile
rod instrumentation designed to determine the thermd, dimensiona and fisson

gas release behavior of SBR MOX fuel under well-controlled conditions. The
data from these tests demongtrate the satisfactory performance of the SBR MOX
fue to burnupsin excess of 70,000 MWd/MThm.

The mogt recent in-pile test to be undertaken by BNFL started in 1999 and is
designed as a comparative study of the fisson product release behavior of SBR
MOX and standard UO2 fud. The experiment is highly insrumented and is
providing data on stable and unstable fisson gas release, thermd performance,
fud dengfication, fud swelling, and pellet cracking and relocation.
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Table C-1 German Irradiation Test Programs
Reactor Scope of Work Description
KWO Power Transents 14 Short Test Rods
Maximum Powers
between 260 and 417
W/cm
Rod Burnups— 9 to 27
GWd/MThm
HFR Petten Power Trangents Short Rods Pre-
Irradiated in KWO
Ramp Termind Powers
— 480 to 560 W/cm
Rod Burnups—9 to 32
GWd/MThm
Haden BWR Instrumented Irradiations to IFA 427, 428
Determine Fuel Temperature
and Dendfication
Y ear Rod/FA Number Typeof Fue Rod Burnup Transent

(GWd/MThm) Testing

1980 Segmented Rods | AUPUC 23-29 HFR Petten
1981 Reactor A/FA 1 OCOM/AUPUC 6-42
1984 Reactor A/FA 2 OCOM 9-34 HFR Petten
1986 Reactor A/FA 3 OCOM-30 and -15 8-41
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Table C-2 Japanese Irradiation Test Programs

Irradiation Test Maximum Maximum Pu Fissile MOX Powder
Pellet Burnup Power Content
(GWd/MThm) (W/cm) (Wt%)
HBWR
IFA-514 56 460 4.6 MB
IFA-529 34.7 440 6.0 MB/MH
| FA-554/555 34.4 560 34 MB
IFA-565 65 460 4.6 MB
Fugen
DATA —type 40.3 445 1.0-25 MH
Segment — type 32.6 290 1.5-3.0 MH
Gd203 —type 49.2 457 1.5-3.9 MH
Standard — type 24.4 498 0.55-1.56 MB/MH
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Appendix D

MOX PELLET SPECIFICATION

SUMMARY

The following criteria have been established for the WG MOX pellet atributes. These
criteria are based on a combination of the current FCF UO,, pellet specification, the
ASTM MOX pdllet specification and the Framatome MOX pellet specification.

ATTRIBUTE

Pdlet Dimengons

Density

Surface Appearance

U, Pu content
| sotopic contents

O/M rdtio

Impurities

EBC

DCS No. DCS-FQ-1999-001, Rev. 2

LIMITSAND COMMENTS

Details defined on drawing

95 +/-1.5% theoreticd. Thetheoreticd density
varies asafunction of PUO, content. The
theoretical density of UO, is 10.96 g/cnt;
theoretical density of PUO, is 11.46 g/cn.

100% ingpection for defects (cracks, chips, capping,
etc.). Acceptance criteriain accordance with
European practice. Surface finish to meet 100
microinch RMS max.

As defined for each batch
As defined for each batch

Range (Cdculated as O/(U + Pu+ Am) is1.98 to
2.01.

1500 ppm max.vaue for sum of dl following
impurities -Fe, Ni, Cr, Al, Ca, C, N, Cl, F, Zn, B,
Cd, Dy, Eu, Gd, Mg, Mo, Sm, Si, Th, Ti, W.
Individud ppm limitsof Al - 250, Si - 250, Fe -

500, F- 15,C-100,N - 75, Th-10,Cl - 25. Ga
content to be controlled on the PuO, powder on a
lot basis (to achieve < 120 ppb in the feed PUO»
powder, based on maximum1.2% gdlium prior to

polishing).

2.50 ppm max. Equivaent Boron Content based on
above impurities
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Hydrogen 1.30 ppm max. UTL

Resinter Test Density increase between 0.0 % TD and 1.7 % TD
based on standard 24 hour test defined in Reg.
Guide 1.126 adjusted to maintain pellet

goichiometry.
Sorbed gas content 0.01 cc/gm max.
Loadability Test Stacks of 10 pdlets loaded axidly to withstand 60lb

minimum load without chipping. (Verifies pellet
desgn for fud rod loading — performed for

process/design qudification only).
Gran Size (mean) Greater than 4 nm
Putonium rich partidle 5ze At least 95% of the plutonium rich particles shdll

have an effective diameter of less than 100 mm.
The mean plutonium rich particle digtribution shdll
be less than 50 nm. No pure plutonium grain shdll
be greater than 400 mm.

Pore Size Within agreed Process Control Limits.
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